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Forestlands suitable for timber production also have a significant role supporting biodiversity. Here, we syn-
thesized the current state of knowledge on voluntary biodiversity credits as a market-based mechanism designed
to incentivize conservation and restoration efforts in production forests. We compared these mechanisms with
features common to carbon credits and assessed their consistency and alignment with existing European Union
policies. Attributes particular to production forests, including well-defined tenure rights and the common use of
forest management plans, poise them for the implementation of biodiversity credits. Among EU policies, the
Taxonomy Regulation for Sustainable Activities and the Directive on Corporate Sustainability Reporting lay a
framework that supports emerging biodiversity credit markets, and the EU Restoration Law provides a pathway
for adoption across European production forests. Converging ecological opportunities, and policy and financial
frameworks, may unlock voluntary biodiversity credits in production forests as a scalable pathway for private

capital to support biodiversity conservation and restoration in Europe.

1. Introduction

Anthropogenic losses of natural habitats have severe consequences
on global biodiversity and other life-supporting ecosystem services
(Pereira et al., 2012). Some estimates indicate that approximately 30%
of species globally have been threatened or driven to extinction since the
1500s (Isbell et al., 2023). Despite global and national conservation
initiatives, the predominant anthropogenic drivers of biodiversity
decline persist (Jaureguiberry et al., 2022) including unsustainable
forms of agriculture, aquaculture, forestry, and fisheries (IPBES, 2019).
The loss of ecosystem services, including provisioning biodiversity, has
substantial economic consequences with an estimated annual cost of
about US$ 2.7 trillion (Kumar et al., 2024). Losses in the flow of
biodiversity-centered ecosystem services could potentially reduce global
gross domestic product by 2.3% between 2021 and 2030 (Johnson et al.,
2021).

Multilateral initiatives addressing biodiversity losses include the
Convention on Biological Diversity (Convention on Biological Diversity,
2022) and the UN Sustainable Development Goals (United Nations,
2025). Efforts to conserve biodiversity have relied on both command-
and control and market-based instruments with an increased interest
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in the latter, including voluntary mechanisms. Voluntary tools aim to
align and balance conservation goals with economic incentives, poten-
tially broadening participation and impact (TNFD, 2023). The need for
innovative financing schemes to halt biodiversity loss and promote
restoration were emphasized during COP15 of the CBD (Convention on
Biological Diversity, 2022).

Here, we aim to advance the conceptual understanding of voluntary
biodiversity credits applied in production forests through an integrative
systematic literature review. Our focus on production forests — forest-
land meeting productivity thresholds that can be actively managed to
produce wood, fiber, bioenergy and/or non-wood forest products, and
not precluded by law or regulation from commercial harvesting that
comprise about 30% of global forestlands (FAO, 2018; FAO, UNEP,
2020; McGinley et al., 2023) — is motivated by several reasons. Among
them are (1) the large share and geographic distribution of production
forests worldwide, (2) an existing legal framework categorizing these
forests for lawful active management, including restoration; (3) clear
ownership (whether public or private), defined tenure rights and
allowable uses that facilitate the implementation and enforcement of
legally-binding contracts, (4) the ability to estimate any forgone net
income from timber production to calculate minimum financial
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compensation needed to promote conservation or restoration, (5) in a
European Union (EU) context, the prevalence of private ownership
across production forests presents an opportunity for voluntary adoption
over coercive interventions to foster biodiversity conservation and
restoration. These attributes can facilitate the scalability of biodiversity
restoration in forestlands, particularly European production forests.

In the next section, we present a summary of key concepts under-
pinning payments for non-market ecosystem services and for biodiver-
sity credits specifically. It is followed by a description of our methods to
conduct a systematic review of the scientific literature. Our integrative
systematic review complements other recent efforts synthesizing infor-
mation on the design of payments for ecosystem services (Clifton and
Schwerdtner Manez, 2025) by focusing on biodiversity credits, key el-
ements that distinguish them as a category within PESs, lessons drawn
from voluntary carbon trading, and how voluntary biodiversity con-
servation as a private initiative fits within the extant EU policy regu-
lating forests and biodiversity. We discuss potential applications to
mitigate and reverse biodiversity losses, describe pivotal characteristics
for a voluntary biodiversity credit system, and describe a rationale for
their implementation in European production forests with Sweden as a
case in point.

2. Forest ecosystem services and their internalization into
financial values

In an early definition, Daily (1997) described ecosystem services as
the conditions and processes through which natural ecosystems “sustain
and fulfill human life”. The 2005 Millenium Ecosystem Assessment
(2005) advanced the conceptual categorization of the tangible and
intangible contributions of ecosystems to human wellbeing via provi-
sioning (e.g., food and fresh water), regulating (e.g., water purification),
cultural (e.g., recreation and aesthetics), and supporting (e.g., soil for-
mation) services. A link to human wellbeing acknowledged, subsequent
efforts have been made to assign monetary values to the ecosystem
services that directly benefit human wellbeing (Boyd and Banzhaf,
2007). Monetarization of the flow of ecosystem services can allow de-
cision makers to account for market and non-market values including
conservation, improvements, and deterioration or losses of ecosystem
services. Subsequent multilateral efforts to value and account for
ecosystem services in national economies include The Economics of
Ecosystems and Biodiversity (2009) and more recently the System of
Environmental-Economic Accounting (United Nations, Department of
Economic and Social Affairs 2024).

Among the numerous forest ecosystem services, timber supply is one
that is valued in wood product markets constituting the financial
backbone to the silvicultural management of production forests.
Nevertheless, in contexts with weak property rights and non-enforceable
legal frameworks, timber value can be a major driver behind human-
driven forest degradation (Lapola et al., 2023). The non-monetary na-
ture of many other forest ecosystem services creates a market imper-
fection that can result in the inefficient allocation between forestland
areas classified for production and strict conservation, and between
forests and non-forest land uses including illegal deforestation (Barbier
and Burgess, 2001). Interventions aimed at correcting non-market ex-
ternalities of ecosystem services are often classified under either
command-and-control or market-based actions (Angelsen, 2010).
Command-and-control interventions commonly try to define forest areas
for strict conservation and their restoration, or to ascribe allowable uses
such as when setting timber concessions on public lands and when
assigning land tenure and titling rights (Blackman et al., 2017). Market-
oriented actions such as the third-party certification of sound forest
management are partly motivated by the expectation that markets will
pay a premium for the sustainable supply of forest products (Aguilar and
Vlosky, 2007). Other market-based interventions include financial
payments for avoided deforestation, degradation, and improvements in
the supply of selected ecosystem services (Engel et al., 2008). Schemes
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setting up payment for ecosystem services (PES) attempt to internalize
the value of services external to financial transactions (Borner and Vosti,
2013).

A system of payments for ecosystem services (PES) can be described
as a voluntary agreement between buyers and sellers for a clearly
specified environmental service, in which at least one buyer compen-
sates at least one provider who has effective control over service de-
livery, and payment is conditional upon verified provision of that
service. (Wunder, 2008). PES schemes have been implemented to
finance forest conservation, restoration, and support of ecosystem ser-
vices such as carbon sequestration, watershed restoration, and land-
scape scenery conservation (Obeng et al., 2018). PES levels are
commonly set via different mechanisms under the premise that financial
compensation should reach a minimum point where the net present
value of targeted land after an intervention equals or exceeds that of
alternative uses (Engel et al., 2008; Angelsen, 2010). In some cases,
payment is informed by land prioritization guidelines based on defor-
estation and degradation pressures as it was the case of the Socio Bosque
program in Ecuador or Mexico’s Pago por Servicios Ambientales
(Mohebalian and Aguilar 2016; Alix-Garcia et al., 2012). In others, as in
the case of avoided emissions from deforestation and degradation,
payments can be based on the social cost of carbon emissions (Marcos-
Martinez et al. 2019). Efficiency in offsetting impacts is sought via the
value in-trade between buyers and sellers of credits. Efficiencies sought
via trading are illustrated by compensatory mitigation for unavoidable
losses as in the US wetland mitigation banking under the Clean Water
Act of 1972 (Academies et al., 2001), and the original premise for Clean
Development Mechanisms under Article 12 of the Kyoto Protocol to
allow nations to offset emissions via saleable certified reduction credits
(UNFCC, 1998).

In the EU efforts to conserve biodiversity have been consistently
directed towards the biodiversity-rich habitats and protected species.
The lion’s share efforts at the EU level have occurred via the designation
of protected areas under the Habitats Directive 1992/43/ECC). This
effort toward improvement of the provision of biodiversity habitat in
Europe aligns with command-and-control interventions for conserva-
tion. Incentive-based instruments in the EU to support biodiversity,
among other objectives, have been structured under the Common
Agricultural Policy’s agri-environmental measures that target farmlands
but not forestlands (Uthes and Matzdorf, 2013). There are outstanding
opportunities for the use of market-based interventions, including PES to
promote biodiversity on EU private forestlands (Maes et al., 2012; Bli-
charska et al., 2022).

3. Systematic scientific literature review

We conducted an integrative systematic review of the scientific
literature (Snyder, 2019) to evaluate the extant state-of-knowledge on
applications of PES in the context of biodiversity conservation and
restoration within production forests under five focal areas: Design of
biodiversity credits; examples of voluntary biodiversity credit initia-
tives; lessons from forest carbon credits; market characteristics for
voluntary biodiversity credits; voluntary biodiversity credits in the
context of EU policies. These focal areas stem from the need for infor-
mation syntaxes that provide specific recommendations to reconcile the
complexity of ecosystem services with on-the ground practical advice
(Olander et al., 2017) as illustrated by lessons drawn from forest-based
carbon credit projects to advise emerging voluntary biodiversity credit
schemes (Fiegenbaum, 2024).

Our systematic review consisted of the following six steps
(Linnenluecke et al., 2020; Sauer and Seuring, 2023):

1) Defining the research question: Our review was structured to answer
the research question: What lessons can be drawn from existing PES
models and voluntary carbon credit experiences to inform the develop-
ment and advancement of biodiversity credits across production forests?
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2) Defining the search string, and identifying inclusion and exclusion

criteria: To identify relevant scientific literature, we implemented the
combined search string: “Payments for forest ecosystem services” OR
“biodiversity credits” OR “financing of biodiversity conservation”
OR “incentives for biodiversity conservation” AND “carbon credits”
AND “forestry”. The search string included terms and synonyms for
PES and biodiversity credits related to forest ecosystems and forest
carbon credits. Forest carbon credits were included in this step as a
proxy for biodiversity credits because of the more advanced devel-
opment of voluntary forest carbon credit markets and relevance to
production forests (Blanton et al., 2024; Waterford et al., 2024).

3) Retrieving a sample of potentially relevant literature: An initial search of

the scientific databases ScienceDirect, Web of Science, and CABI
Digital Library, completed on 10 August 2024 using our combined
search string returned 424 results. To ensure comprehensive
coverage and avoid missing relevant literature, an additional search
was performed using the following individual terms rather than as a
combined search: “payments for forest ecosystem services,” “biodi-
versity credits,” “financing of biodiversity conservation,” “incentives
for biodiversity conservation,” and “forest carbon credits.” This
expanded search, completed on 12 August 2024, yielded a total of
3,625 results across selected databases. After removing duplicates,
all relevant publications were retained without additional screening,
resulting in a final dataset of 4,095 publications, comprising the 424
results from the initial search and the 3,625 results from the inde-
pendent term searches. Additionally, 68 publications were identified
outside the search string; these publications were not captured by the
search string but were deemed important for the subject area, such as
reports from grey literature, the EU, World Bank, and other multi-
lateral organizations.

4) Selecting final sample of the relevant literature: The retrieved sample

was evaluated against the predefined research question by using four
inclusion criteria. These were: (a) eligible studies included reviews,
research articles, reports, and books; encyclopedia entries and edi-
torials were excluded; (b) relevant subject disciplines encompassed
forest management, environmental sciences, and economics; studies
were excluded from fields not directly specific to biodiversity credits,
such as energy, engineering, agricultural and fundamental biological
sciences, veterinary sciences, biochemistry, genetics and molecular
biology, business management and accounting, and earth and plan-
etary sciences; (c) only articles specific to market-based mechanisms
supporting sustainable forest management or market-based
financing of biodiversity conservation were included; (d) only arti-
cles published in English were included. The selection process for
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relevant publications included an initial screening of titles and ab-
stracts. A comprehensive list of the literature included in this study is
provided in Appendix 1. In total, 165 references are documented in
this paper, of which 124 were incorporated into our literature review
in sections 4, 5 and 6. (Fig. 1). The appendix also indicates the
specific sections in this paper where each reference is cited. The
selected literature was content-reviewed for relevance to selected

focal areas (Table 1).

Table 1

Content focus areas and key information retrieved from the final sample of the

relevant published literature.

Focus areas for content
evaluation

Retrieved information

1. Concept and design of
biodiversity credits

2. Examples of voluntary
biodiversity credit initiatives

3. Relevant lessons for forest-
based biodiversity credits from
carbon markets

4. Market characteristics for
voluntary biodiversity credits

5. Voluntary biodiversity credits
in the context of EU policies

Definition and conceptualization
Theoretical foundations and models
Building blocks and principles to
ensure governance and credit
integrity and manage risks
Commonalities and distinction from
PES

Description of existing voluntary
biodiversity credit schemes
Successes, challenges, and lessons
learned from past implementations
Examples of use in forest
management and forest
management applications
Action-based implementation
Additionality from credit payments
Permanence of carbon credit
additionality

Leakage of outcomes

Transparency of investment claims
Effective stakeholder governance
Characteristics for biodiversity
credits markets

Economic valuation methods
applied to assess the monetary value
of carbon and biodiversity credits
Examples and practical
recommendations

Existing EU policies governing and
regulating biodiversity and
biodiversity habitat conservation
and restoration

Existing EU policies governing and
prospectively affecting biodiversity
credits

Search String
n=424

Individual term search
n=3,625

Other sources

Screening of titles, abstracts and full text,
using the selection criteria 4 a,b,c,d

Selected publications
n=124

Fig. 1. Outline of systematically selected publications included in the integrative literature review.
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5) Synthesizing knowledge: All the selected literature was read in-depth,
the focus areas identified, and retrieved content information was
synthesized.

6) Reporting: In the following sections we report and discuss the results
of the literature review.

4. Results
4.1. Concept and design of forest biodiversity credits

Market-based financing for biodiversity conservation is not a new
concept. PES and PES-like schemes have been tested and implemented in
various forms since the 1990 s (Bonneuil, 2015; Hrabanski, 2015;
Wunder et al., 2025). Some of the earlier applications of biodiversity
credits include the US wetland mitigation and species banking, and
Australia's biodiversity offset system where credits offer a tool for de-
velopers to compensate for unavoidable biodiversity losses due to land
use changes. These programs created biodiversity offsets as quantifiable
units denoting improvements in biodiversity habitat that are transacted
to offset potential losses elsewhere. Historically, most offsets have been
mandatory actions regulated by environmental policies with the goal of
achieving mo net loss' in environmental quality (Koh et al., 2019;
Wunder et al., 2025). Biodiversity credits are also referred to in the
scientific literature as ‘biocredits’, ‘biodiversity certificates’, ‘nature
credits’, or ‘nature tokens’ (Zynobia et al., 2023).

At the outset, biodiversity credits may be classified as a type of PES
(Wunder et al., 2025). But a key distinction between PES and voluntary
biodiversity credits is that PESs generally are not conditional on func-
tioning trading of credits, whereas voluntary biodiversity credits are
intended to be traded. An example is the use of PES to compensate for
land practices that protect soil quality or watershed functions that are
transacted in cost-share contracts but are not openly traded. However,
the uniqueness and spatial specificity of biodiversity provision (Boyd
and Banzhaf 2007) can make related credits harder to trade and meet
competitive market conditions (Wunder, 2008), as compared to avoided
carbon emissions that could be commoditized and traded to lower
overall greenhouse gas levels. There is no consistency in how credits
units are measured and what they represent, whether referring to
biodiversity habitat or specific individual or multiple species. We offer a
number of examples to illustrate this issue in the next section.

Biodiversity credits have been defined as “biodiversity gains that are
not associated with a loss elsewhere” (NatureFinance, 2023a, Porras and
Steele, 2020). Another common definition of biodiversity credits is “a
certificate that represents a measured and evidence-based unit of posi-
tive biodiversity outcome that is durable and additional to what would
have otherwise occurred” (Biodiversity Credit Alliance, 2024a).
Recently, the literature (e.g., Wunder et al., 2025; Schwerdtner Manez
and Clifton, 2025) suggests distinguishing between voluntary biodi-
versity credits and biodiversity offsets. Distinctive features include that
biodiversity credits (1) by definition are voluntary and may not be
created or mandated by regulations, (2) aim at delivered net positive
improvements, (3) their jurisdiction is not limited to national bound-
aries, (4) and strive for biodiversity conservation at multiple scales (e.g.
locale, landscape, regional). In contrast, offsets are coerced by regula-
tion, aim at no net-loss biodiversity outcomes, commonly operate within
a single nation, and target expected habitat losses at a particular locality
risking to overlook conservation at larger geographic scales.

Voluntary biodiversity credit schemes have evolved rapidly since
2023 with a focus on principles and standards that ensure the environ-
mental integrity of claimed benefits and due-diligence frameworks
(IAPB, 2024b; Waterford et al., 2023). Key metrics (Fig. 2) include those
for outcomes regarding (1) protection, (2) regeneration, (3) stewardship
(i.e., maintenance of ecological value), and (4) adaptation (e.g., in
relation to climate change) to a lesser extent (Biodiversity Credit Alli-
ance, 2024a; Waterford et al., 2023). Existing schemes employ various
approaches to inferring biodiversity typically gauged at either
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ADDITIONALITY

PERMANENCE

OUTCOMES

‘ PROTECTION ‘

Ecosystem level metrics
REGENERATION

STEWARDSHIP

Habitat level metrics ‘

ADAPTATION

Fig. 2. Depiction of key elements of biodiversity credits and selected
outcome metrics.

ecosystem- or habitat-levels to, respectively, track a suite of indicators
for an entire ecosystem, or tailored to particular species of flora and/or
fauna (Biodiversity Credit Alliance, 2024a; IAPB, 2024a; Waterford
et al., 2023). Credit issuance is generally conditional to the verification
of achieved outcomes during a defined crediting period (IAPB, 2024a;
Waterford et al., 2023).

Other key integrity metrics of voluntary biodiversity schemes
include additionality and permanence (Wunder et al., 2025), (IAPB,
2024b). Additionality means “a requirement that credits can only be
assigned to biodiversity outcomes that are attributable to the project
intervention, and would not have otherwise happened” (Biodiversity
Credit Alliance, 2024a), and permanence addresses “the ability of a
project to ensure that biodiversity outcomes on which credits are based
are likely to endure for an extended period” (Biodiversity Credit Alli-
ance, 2024a). Many biodiversity credit schemes also address benefit-
sharing mechanisms, which ensure that customary rights holders and
stakeholders are recognized and rewarded for their role as nature
stewards (Biodiversity Credit Alliance, 2024a).

4.2. Examples of voluntary biodiversity credit initiatives

Globally, numerous programs have attempted to create, support, and
regulate voluntary biodiversity credit markets. Private sector programs
are at varying stages of development (Waterford et al., 2023). For
example, the governments of Australia (Australian Department of
Climate Change, Energy, the Environment and Water 2025) and Niue
(Niue Ocean Wide, 2024) are already at the early stages of market
development, whereas New Zealand (Aotearoa New Zealand Ministry
for the Environment, 2022) has taken substantial steps toward estab-
lishing a national voluntary biodiversity credit market. Several entities
including the World Economic Forum (2024), the Biodiversity Consul-
tancy (2022), the Biodiversity Credit Alliance (2024b), NatureFinance
(2023Db), Plan Vivo (Barisa et al., 2024), and Verra (2024a) have offered
guidance on the use of voluntary biodiversity credits to observe and
deliver key integrity metrics. Wunder et al. (2025) report 34 ongoing
biodiversity credit initiatives worldwide, Zynobia et al. (2023) mention
11 biodiversity credit schemes and Bloom Labs database (2025) list 53
biodiversity credit schemes. In Table 2 we offer a non-comprehensive
list to illustrate main characteristics of some emerging voluntary
biodiversity credit schemes.

Notably, there is no current consensus among biodiversity credit
schemes regarding the unit of measurement for voluntary biodiversity
credits. The metrics employed are typically area-based—ranging from
square meters to hectares—and often incorporate a temporal dimension
reflecting project duration (e.g., one hectare of land protected over ten
years, as exemplified by ValueNature). Lack of standardization in
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Table 2
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Main characteristics of selected emerging voluntary biodiversity credit schemes. , and

Type Name

Country

Phase

Unit of biodiversity

Reported price

Private sector- Credit Nature

led

Earthly

GreenCollar, NaturePlus
Credits
SouthPole, EcoAustralia

Wilderlands

Savimbo

Terrasos

Ekos

RePLANET and Wallacea
Trust

ValueNature

Le Printemps des Terres

Charity-led or Botanic Gardens

non-profit Conservation
International
Terrain NRM
Government- Biodiversity certificates
led scheme (Nature Repair
Market)
Ocean Conservation
Commitments
Biodiversity credit system
Independent VERRA, Verified Impact
standards Standard (SD VISta)

Ecomarkets, The Reef
Credit Scheme

Accounting for Nature,
Environmental
Accounting Standard
Plan Vivo Foundation,
PV Nature

United Kingdom

United Kingdom

Australia

Australia

Australia

United States
Colombia

New Zealand

International

United Kingdom
France

United Kingdom

Australia

Australia

Niue

Gabon

United States,

International
Australia

Australia

United Kingdom,
International

Operational (2024)

Operational (2024)

Operational (2023)

Operational (2023)

Operational (2022)

Operational (2023)
Operational (2020)

Pilot (2022)

Operational (2024)

Pilot (2024)
Operational (2024)

Operational (2023)

Pilot (2023)

To be launched in
2025 (Carbon Pulse,
2024)

Operational

Information not
available

Under development
(2023)

Operational (2021)

Operational (2018)

Operational (2023)

Nature impact token; a metric that
measures uplift in ecosystem integrity
produced by regenerative land practices in
defined areas

9 m? parcel of land abiding by Biodiversity
Net Gain methodology according to the
DEFRA metric

Nature plus credit; 1 ha of measured and
verified restoration or conservation
Australian biodiversity unit (ABU); 1.5 m?
of protected land delivering biodiversity
outcomes for Australian flora and fauna
species

Biological diversity unit (BDU); protection
of 1 m? of high-strategic-value conservation
land

Biodiversity credit; 60 days of presence of a
designated indicator species on 1 ha

10 m? conserved,/restored for at least 20
years

Sustainable development unit; based on
UN’s Sustainable Development Goal (SDG)
15, Life on Land

Biodiversity credit; 1% uplift or avoided
loss in the median value of a basket of
metrics per ha

Biodiversity credit; 1 ha of land protected
for 10 years

1 m? of restoration and active management
of biodiversity areas of at least 30 years
Biodiversity impact credit; based on
number of trees in a project area

Cassowary credit; one unit of rainforest
condition improvement
Not available

Protection of 1 km? of Niue’s ocean waters
for 20 years

Not available

Nature credit; 1 ha equivalent of
biodiversity uplift

Reef credit; 1 kg of dissolved inorganic
nitrogen prevented from entering the Great
Barrier Reef catchment (Carbon Pulse,
2023)

Accounting standard

Plan Vivo biodiversity certificates

Price according to project cost.
Existing project prices vary between
2,700 GBP/ha to 19,950 GBP/ha

52.43 GBP/credit

Information not publicly available

Information not publicly available

3-10 AUD/unit

10 USD/credit (Savimbo, 2024)
25 USD/credit

Information not publicly available

5-30 USD/credit

Information not publicly available
6 EUR/unit

Information not publicly available

Information not publicly available
Information not publicly available
One unit of Ocean Conservation
Commitment is 250 NZD (Niue
Ocean Wide, 2024)

Information not public or available
Not yet operational

Information not publicly available.
Total estimated cost 10 million AUD

Information not public or available

Information not publicly available

Adapted from the Taskforce on Nature Related Markets (2023), Zynobia et al. (2023)OPIS (2024).

measurement units, coupled with the diversity of methodological ap-
proaches, hinders the establishment and scalability of a coherent
voluntary biodiversity credit market (IAPB, 2024b). Nevertheless, this
represents a fundamental distinction from carbon credit systems where a
relatively standardized unit (TCOze) allows for comparability, trad-
ability, and fungibility across markets.

Beyond apparent measurement inconsistencies, biodiversity credit
programs differ substantially in how they operationalize these meth-
odologies in project design and credit issuance. In practice, biodiversity
credit developers secure investment from buyers or investors to finance
conservation activities structured according to specific standards. These
activities incentivize land stewards either to protect existing bio-
diversity—preventing its loss (“avoided loss”)—or to restore it (“uplift™)
through measurable ecological improvements (Wunder et al., 2025).
Both avoided loss and uplift are evaluated relative to a counterfactual

scenario representing what would have occurred in the absence of the
biodiversity credit intervention, thereby enabling the assessment of
additionality.

Currently, no biodiversity credit schemes seem to target biodiversity
conservation and restoration in production forests. As discussed by
Oettel and Lapin (2020), 44 biodiversity indicators and 32 forest man-
agement indicators have been identified that link forest management
practices with biodiversity outcomes. These indicators present oppor-
tunities for integration into biodiversity credit schemes, supporting
greater consistency and methodological rigor. Examples of most com-
mon biodiversity indicators are arthropods, birds, plants and habitats
which in turn are referring to tree microhabitats, deadwood, forest
structure, habitat at landscape level and protected habitats. With
regards to forest management indicators most common are stand
structure and size and management intensity.
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Our examination of past initiatives shows the common inclusion of
milestones when measuring key project outcomes in support to the
issuance of credits which we depict in Fig. 3. Commonly, at the start of a
project poised to be a source of credits, a baseline and initial monitoring
with ecosystem- and habitat-level metrics are established outlining goals
of protection and/or uplift according to a selected methodology.
Monitoring and assessments of outcomes are completed approximately
mid-way through a project with a common 10-30 year period.
Following verified outcomes by a third-party auditor, credits can be is-
sued as a final milestone.

4.3. Lessons for voluntary forest-based biodiversity credits from carbon
markets

Experiences from carbon credit schemes offer useful conceptual in-
sights for developing biodiversity credit frameworks. The lessons drawn
here highlight relevant considerations in existing carbon markets such
as transparency, permanence, leakage, and additionality. We identify
seven features particularly relevant to the development of principles
that can ensure the environmental and social integrity of biodiversity
credits (Table 3).

The first feature relates to the measurement of project outcomes
based on actions or performance of improved forest management. Car-
bon credits can be issued based on actions such as extending the rotation
period of a forest to enhance carbon sequestration above a baseline
during the deferral period (e.g., 20 years or longer, as in Verra VM003;
Verified Carbon Standard, 2023a). The determination of actual carbon
sequestration occurs after the project period, which introduces inherent
uncertainty and risk in execution. However, projects targeting forest
conservation such as those under the Reducing Emissions from Defor-
estation and Degradation Methodology (Verified Carbon Standard,
2023c) issue carbon credits based on performance outcomes, i.e. if the
forest is protected. There is a proposition that transitioning from an
action-based to an outcome-based payment system improves the effi-
ciency of payment mechanisms (Kim and Langpap, 2015). However,
outcome-based payment systems generally require significant upfront
project investments with revenues only taking place at the end of the
project. Parisa et al. (2022) suggested that outcome-based carbon
sequestration on an annual basis can be efficiently traded in equivalence
to one ton of permanently stored carbon. This concept of annualized
carbon sequestration aims to facilitate effective trading between emis-
sion emitters and forest carbon sinks without requiring long-term
commitments and this principle may be useful also in biodiversity
credit projects.

Second, is the challenge to measuring additionality to assess whether
a project would have been undertaken without the payment arising from

Biodiversity
outcomes
(ecosystem
and habitat
level metrics)

Implementation
monitoring

Baseline
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credits (Fiegenbaum, 2024; Vacchiano et al., 2018; Wunder et al., 2024).
Additionality can be evaluated by examining each project, or by relying
on secondary data to define business-as-usual assumptions (Li and
Zhang, 2024; Murray et al., 2013). Van Benthem and Kerr (2013) noted
that it is common to efficiently scale-up programs as an entity to a po-
litical jurisdiction at the regional or national scale with a single baseline.
However, this is not always the case with voluntary carbon credits,
where additionality is tested relative to the project methodology
defining a particular baseline. Non-additionality can be managed by
independent standards for which additionality tests are carried out.
There are several standards for voluntary carbon credits and for
emerging voluntary biodiversity credits such as Verra’s Sustainable
Verified Impact Standard (SD VISta; Verra, 2024b) for “nature credits”
and Plan Vivo launched PV Nature Biodiversity Standard (Plan Vivo,
2025).

A third feature revolves around the permanence of carbon credits
(Wunder et al., 2025). Non-permanence arises from intentional har-
vesting of trees and natural disturbances. Several suggestions have been
provided on how to deal with permanence issues (Gren and Aklilu, 2016;
Li and Zhang, 2024), such as liability in cases of carbon release, tem-
porary credits (duration of credits), credit buffers, pooling of reversal
risks, and commercial insurance. An optimal contract design has been
suggested to be a close to zero fixed payment and almost all upon de-
livery (Cordero Salas et al., 2013), which switches contractual liability
from the buyer to the seller (MacKenzie et al., 2012).

A fourth feature relates to leakage of outcomes including the possible
displacement of emissions from one location to another, either within
the project area or to a different geography, consequently undermining
intended emissions reduction (Fiegenbaum, 2024; Haya et al., 2023).
Wunder et al. (2025) outlined two approaches to mitigating leakage: one
focused on increasing supply or reducing demand for restricted com-
modities to mitigate leakage; the other to view leakage as an inevitable
market force that should be measured and predicted, with initiatives
scaled up to jurisdictional level, such as REDD+, offering lessons for
biodiversity credits to apply a jurisdictional default leakage rate to
projects (Li and Zhang, 2024).

Fifth, capital investments can be challenged by a lack of transparency
in the type of claims that can be made (Trouwloon et al., 2023). A
general distinction made among corporate climate claims is that for
signaling a long-term commitment to climate mitigation (e.g., net-zero
claims) and those claims that have already been achieved (e.g.,
carbon-neutrality). The latter tend to rely substantially on carbon off-
setting instead of direct emission reductions. Similarly, a key aspect of
biodiversity offset schemes is adherence to the mitigation hierarchy,
which provides an outline for how no net loss of biodiversity can be
achieved through the avoidance, minimization, restoration, and

Outcome verification
and credit issuance

Biodiversity
outcomes

Project start

Project period 10-30 years Time

Fig. 3. Schematic of biodiversity credit project with milestones at project (1) starting baseline, (2) implementation monitoring, (3) outcome verification and

credit issuance.
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Table 3

Seven essential features of forest-based carbon credit projects, and conceptual
insights for voluntary biodiversity credit projects.

Credit project
design
components

Forest carbon credit project
experiences

Conceptual insights for
voluntary forest
biodiversity credit projects

Action-based
payments

Outcome-based
payments

Additionality

Permanence and
risk of reversal

Leakage

Transparency

In afforestation projects, such
as Verra VM0047 (Verified
Carbon Standard, 2023b), and
improved forest management
projects (e.g., Verified Carbon
Standard, 2023a), carbon
credits are usually issued
based on actions, for example
extended rotation period,
rather than actual carbon
sequestration outcome.

Forest carbon methodologies
for forest conservation, such
as REDD projects, as in Verra
VMO0048 (Verified Carbon
Standard, 202.3c), apply
outcome-based payments.
Additionality defines whether
the project and its benefits
would have been accrued
without its financing by
defining a baseline (“business
as usual”), usually within a
sector or a region, such as in
improved forest management
projects (Verified Carbon
Standard, 2023a).
Jurisdictional baselines exist (
Verified Carbon Standard,
2023c).

Permanence and risk of
reversal are commonly dealt
with by reserving credit
buffers (Fiegenbaum, 2024)
which are kept during the
entire project period. This is
illustrated by the Verra
methodology for improved
forest management (Verified
Carbon Standard, 2023a).

Leakage includes the possible
displacement of carbon
emissions from one location
to another, as addressed in the
Verra methodology for
improved forest management
(Verified Carbon Standard,
2023a).

There might be a lack of
transparency in the types of
claims that can be accurately
and credibly made in
corporate climate strategies (
Trouwloon et al., 2023).

The payment system should
be outcome-based to increase
efficiency of the payment
mechanism (Kim and
Langpap, 2015).

However, an annualized
payment system allows
projects to be developed and
traded without requiring
long-term commitments
from sellers and buyers,
while also addressing cash
flow challenges that arise
when revenues are only
realized upon performance
assessment at the end of the
project proving the outcome
of the project. (Parisa et al.,
2022).

The payment system should
be outcome-based to increase
efficiency of the payment
mechanism (Kim and
Langpap, 2015).

Additionality tests and
baselines should be scaled to
jurisdictional level to
improve efficiency (van
Benthem and Kerr, 2013).
There is a risk that stacking
can affect the perceived
additionality of carbon
plantings, which has the
potential to erode the
integrity of carbon markets (
Torabi and Bekessy, 2015).

The optimal contract design
has been suggested to be
close to zero fixed payment
and almost all upon delivery
(Cordero Salas et al., 2013),
which switches contractual
liability from the buyer to the
seller (MacKenzie et al.,
2012).

An annualized payment
system allows projects to be
developed and traded
without requiring long-term
commitments from sellers
and buyers (Parisa et al.,
2022).

There is no consensus on how
leakage is best addressed (
Wunder et al., 2025). A
common approach is
application of a default
leakage rate because leakage
is often unavoidable (Li and
Zhang, 2024).

It is necessary to understand
and clarify the claims that
corporations can make.
Adherence to the mitigation
hierarchy is imperative for
engaging in voluntary
biodiversity credit schemes (
Maron et al., 2023).
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Table 3 (continued)

Credit project Forest carbon credit project  Conceptual insights for
design experiences voluntary forest
components biodiversity credit projects
Inclusive Active inclusion of Active inclusion of
stakeholder stakeholders in carbon credit stakeholders in voluntary
governance projects is crucial to address biodiversity credit projects is

equity and inclusiveness
issues (McDermott et al.,
2013).

crucial to address equity
issues (McDermott et al.,
2013; Montero-de-Oliveira
et al., 2023; Tedesco et al.,
2023)

offsetting impact losses (Ghijselinck et al., 2025). Net-positive conser-
vation investments may only be advisable after credits have met a
threshold of no net biodiversity losses (Maron et al., 2023). Another
important aspect is the consideration of landscape-level effects, i.e., the
offset should be designed and implemented within the context of the
surrounding landscape. It is possible to plan for no net loss across pro-
jects by linking each project to regional and national biodiversity goals
(Business and Biodiversity Offsets Programme, 2012).

Lastly, the review of carbon markets points to inclusive stakeholder
governance as being essential for successful, equitable and inclusive
conservation (Tedesco et al., 2023). Equity in governance involves a fair
distribution of benefits and costs, inclusive and transparent decision-
making processes, and consideration of pre-existing conditions that
can influence access to resources and participation. Weak gov-
ernance—as evidenced by unequal access to information, unstable
payments, and exclusion from decision-making processes—reduces trust
and ownership, leading to poor conservation outcomes (McDermott
et al., 2013). Socio-economic factors, such as governance quality and
stakeholder perceptions, can determine the success of incentive-based
conservation programs. Transparent and inclusive governance fosters
long-term engagement and positive environmental impacts (Montero-
de-Oliveira et al., 2023).

4.4. Market characteristics for voluntary biodiversity credits

Financial capital will be needed to support investments in biodi-
versity credits. Some suggest that issuance of green financial conserva-
tion products has the potential to attract 30-90 billion USD annually by
2030 (Deutz et al., 2020). Nature-based solution projects, which biodi-
versity credits may be part of, are projected to reach an annual value of
25-40 billion USD by 2030 (Deutz et al., 2020). Our review suggests
several market characteristics needed to help meet market expectations,
including:

e Clear and enforceable property rights: Property rights define the
rules establishing the demand, access, use, and transferability of
traded assets, and the roles and responsibilities of parties engaged in
market transactions (Alvarado-Quesada et al., 2014; Koh et al., 2019;
Zhang, 2016). The US wetland mitigation banking program offers an
example of a clear legal framework for the use of wetland credits to
compensate for unavoidable impacts by establishing enforceable
property rights that support active trading. In the case of developing
countries implementing REDD + programs (UN Climate Change,
2025) to mitigate greenhouse gas emissions, many face challenges
such as weak land tenure, poorly defined property rights, and limited
enforcement systems that can call into question the environmental
and social integrity of credits (Palmer, 2011).

Sufficient number of buyers and sellers to support pricing
mechanisms: A large number of buyers and sellers is essential to
achieve market efficiency (Alvarado-Quesada et al., 2014), although
the inclusion of many participants can substantially increase trans-
action costs of tradable credits (Stavins, 1995). In biodiversity offset
markets, competition among buyers and sellers establishes a price
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mechanism to balance supply and demand. Data from more than 100
countries where laws or policies require biodiversity offsetting or
voluntary measures to compensate for negative impacts of develop-
ment on biodiversity (IUCN, 2019), suggest that offsets tend to occur
where there are clear regulatory requirements. Regulated markets,
with governments defining property rights, liabilities, valuation
metrics, and exchange rules, encompass those demanding credits (e.
g., land developers) who can choose the most efficient credit sup-
pliers via mitigation banks or by transacting directly with land-
owners (Koh et al., 2019).

Information symmetry: Incomplete information is widely recog-
nized as a challenge to the effective functioning of biodiversity
markets (Alvarado-Quesada et al., 2014). In examples from U.S. and
Australian biodiversity schemes, adverse selection—a problem
arising from asymmetrical information, where one party has better
knowledge about the traded good—seems uncommon. This is
because credits are defined and assigned by a third party, ensuring
that the characteristics of biodiversity credits is assessed during
credit issuance and trading. This process guarantees a minimum
quality standard for credits in the market (Elton and Fitzsimons,
2023). Some, like Clifton and Schwerdtner Manez (2025), suggest
that disclosing social integrity information, including local commu-
nity rights where credits originate, could not only improve asym-
metries but also lead to associated price premiums.

Barriers to entry: High transaction costs are a major obstacle pre-
venting investors and businesses from participating in PES markets
(Alvarado-Quesada et al., 2014). Examples of such transaction costs
are intermediary costs to connect sellers and buyers, consultant fees
for project assessment, and upfront costs to landowners to establish
projects and agreements. Transactions costs can be prohibitive for
small-scale participants to bear and may undermine the economic
viability of PES initiatives without policy or institutional mecha-
nisms to reduce them (Huber-Stearns et al., 2013). Another barrier to
entry can be the ability and willingness to participate, particularly
among landowners. While financial limitations are frequently high-
lighted, participation is also shaped by broader factors such as edu-
cation, social networks, access to physical and natural resources, and
cultural preferences for non-monetary exchanges. Willingness is
further influenced by perceived fairness, social motivations, envi-
ronmental values, and risk reduction potential—underscoring that
successful participation depends on both material and non-material
conditions (Clifton and Schwerdtner Manez, 2025).

Standardized methods to define and measure a unit of biodi-
versity and credit: A significant challenge for both voluntary and
regulatory-based biodiversity markets is the lack of standardized
methodologies defining tradable units of biodiversity. Often,
schemes employ their own measurement system to quantify credits,
and define a baseline and additionality (Blanton et al., 2024) making
it difficult to compare credits and facilitate tradeable biodiversity
credits (OPIS, 2024; Taskforce on Nature Related Markets, 2023;
Zynobia et al., 2023).

4.5. Voluntary biodiversity credits and EU forest policy

There are several EU strategies and policies addressing forest
biodiversity conservation and restoration. Under an overarching Euro-
pean Green Deal (European Commission, 2024a) the most relevant
policies at the EU level are the Biodiversity Strategy for 2030, the
Council Directive 1992/43/EEC of 21 May 1992 on the conservation of
natural habitats and of wild fauna and flora, commonly referred to as the
‘Habitats Directive’, the Regulation 2024/1991 of the European
Parliament and of the Council of 24 June 2024 on nature restoration and
amending Regulation 2022/869, commonly referred to as the ‘Nature
Restoration Law’, the Forest Strategy (European Commission, 2024b)
and the Regulation of the European Parliament and of the Council of 18
June 2020 on the establishment of a framework to facilitate sustainable
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investments, commonly referred to as the ‘EU Taxonomy Regulation for
Sustainable Activities’. Evidence of how implementation of conserva-
tion directives on productive lands can lead to financial compensation
already exists. The Court of Justice of the European Union (2022) has
ruled that “support is to be granted annually per hectare of agricultural
area or per hectare of forest in order to compensate beneficiaries, in the
areas concerned, for additional costs and income foregone resulting
from disadvantages”, related to the implementation of the Habitats
Directive 1992/43/ECC, the Directive of the European Parliament and
of the Council of 30 November 2009 on the conservation of wild birds
commonly referred to as the ‘Birds Directive’ and the Directive of the
European Parliament and of the Council of 23 October 2000 establishing
a framework for Community action in the field of water policy,
commonly referred to as the ‘Water Framework’. That ruling clarified
that a system of compensation under this Directive can be based on land
opportunity costs to meet conservation goals on agricultural and forestry
lands including procedures, preconditions, priorities, quality standards,
technical specifications, among other considerations. Nevertheless, it
makes no explicit mention to market-based incentives nor private
initiatives.

The EU Biodiversity Strategy for 2030 is a comprehensive and long-
term plan to protect nature and halt ecosystem destruction. The Strategy
is a core element of the European Green Deal, which is the EU’s program
that addresses climate change and environmental degradation. Key
goals of the strategy include expanding protected areas to 30% of the
EU’s land and sea and restoring nature by 2030. These goals have
spurred considerable concern among many European countries whose
economies derive significant income from agriculture and commercial
forest management because of uncertain implications for forest owners
in national compliance (Swedish Forest Industries, 2022).

In June 2023, the European Parliament voted to pass a new Nature
Restoration Law, 2024/1991, despite concerns from many EU farmers
and forest owners (Canas, 2024; Hunter, 2024; Schauenberg, 2023). The
Nature Restoration Law 2024/1991, is a key element of the EU Biodi-
versity Strategy for 2030 and combines an overarching restoration
objective for the long-term recovery of nature within the EU with a
binding restoration target of at least 20% of the EU’s land and sea by
2030, and ultimately all ecosystems in need of restoration by 2050. With
respect to forestry, the following restoration measures are discussed in
the Nature Restoration Law, 2024/1991, all of which could be incor-
porated into a voluntary biodiversity credit scheme:

1. Restore wetlands by rewetting drained peatlands, removing peatland
drainage structures;

2. Remove unwanted scrub encroachment or non-native plantations on
grasslands, wetlands, forests, and sparsely vegetated land;

3. Increase ecological features in forests, such as habitat trees and
amounts of lying and standing dead wood;

4. Work toward a diversified forest structure to enable natural regen-
eration and succession of tree species;

5. Enhance the development of old-growth native forests and mature
stands (e.g., by abandoning harvesting);

6. Improve connectivity across habitats;

7. Allow ecosystems to develop their own natural dynamics, such as by
abandoning harvesting and promoting natural wilderness.

The EU Forest Strategy is another initiative central to the European
Green Deal and builds on the EU Biodiversity Strategy for 2030. The
Forest Strategy aims to contribute to the EU biodiversity objectives and
greenhouse gas emission reduction targets of at least 55% from 1990
levels by 2030 and climate neutrality by 2050. Some of the measures
proposed in this strategy promote sustainable forest management; pro-
vide financial incentives for forest owners and managers to adopt
environmentally friendly practices, such as those linked to carbon
storage and sequestration; and improve forest size and biodiversity.

The EU Taxonomy Regulation for Sustainable Activities 2020/852 is
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a classification system that defines criteria for economic activities that
are aligned with a net zero trajectory by 2050 and environmental goals
broader than climate. A goal is to help scale sustainable investments and
create security for investors by setting out conditions for economic ac-
tivities to be qualified as environmentally sustainable. Protection and
restoration of biodiversity and ecosystems are outlined in Articles 9, 10,
and 15; along activities poised to substantially contribute to the pro-
tection and restoration of biodiversity and ecosystems. Under the EU
Taxonomy Regulation for Sustainable Activities 2020/852, only activ-
ities that yield net biodiversity gains (i.e., not offsets) can be accounted
for as a sustainable, hence, eligible as voluntary biodiversity credits. The
EU Taxonomy Regulation for Sustainable Activities 2020/852 ac-
knowledges the initiation, development, and execution, either inde-
pendently or on a contractual basis, of conservation activities; this
encompasses restoration efforts, with the goal of sustaining or
enhancing the condition and trajectories of terrestrial, freshwater, and
marine habitats, ecosystems, and associated populations of fauna and
flora species. Additionally, it provides guidance on critical components
of a voluntary biodiversity credit scheme, including initial biodiversity
assessment, management plan requirement, stakeholder consultation,
monitoring scheme, permanence, transparency, third-party audit, and
verification. Guidelines and criteria that acknowledge nature conser-
vation and restoration as a form of sustainable investment can
encourage corporate willingness to invest related activities, thus, help
mobilize necessary capital.

The Directive of the European Parliament and of the Council of
14 December 2022 regarding corporate sustainability reporting,
commonly referred to as the ‘Corporate Sustainability Reporting Direc-
tive’ which took effect in January 2023, is likely to have a direct impact
on businesses’ willingness to invest in biodiversity conservation and
restoration. This Directive defines corporate reporting rules concerning
social and environmental disclosures. It specifies the information to be
disclosed regarding climate change mitigation, climate change adapta-
tion, water and marine resources, resource use and the circular econ-
omy, pollution, and biodiversity and ecosystems. Companies will have
to apply the new rules for the first time in the 2024 financial year for
reports to be published in 2025. Therefore, the first step for companies is
to report on their climate and natural resource footprint. Once com-
panies are aware of their footprint, the next step will be to mitigate the
footprint. This exercise may lead to businesses aiming for no-net-loss or
even net nature-positive outcomes, which may entail financing of nature
restoration projects or purchase of voluntary biodiversity credits or
similar instruments).

In summary, forest biodiversity conservation and restoration in the
EU are guided by an integrated policy framework under the European
Green Deal, including the Biodiversity Strategy for 2030, Nature
Restoration Law 2024/1991, Forest Strategy, Habitats Directive 1992/
43/ECC, and EU Taxonomy Regulation for Sustainable Activities 2020/
852. These policy instruments establish binding targets for protection
and restoration, strive to promote sustainable forest management, and
increasingly recognize financial compensation and investment mecha-
nisms for conservation measures on productive lands. Legal clarification
by the Court of Justice of the EU confirms that opportunity-cost-based
compensation schemes for landowners can be established, although
market-based instruments are not yet explicitly embedded in legislation.
Complementary regulatory frameworks such as the EU Taxonomy
Regulation for Sustainable Activities 2020/852 and the Corporate Sus-
tainability Reporting Directive 2022/2464 have the potential to further
incentivize private capital flows toward biodiversity-positive activities
by defining eligibility criteria, reporting obligations, and standards for
credible investment in nature.
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5. Discussion

5.1. Prospects for the implementation of voluntary biodiversity credits in
production forests

About 1.15 billion ha accounting for some 30% of the world’s for-
estlands are classified as production forests (FAO and UNEP, 2025).
Such a large share of forests where active management is legally
permitted seems poised for the adoption of biodiversity credits. Cate-
gorization as productive forest reflects knowledge of minimum land
productivity thresholds that often underpin quality of biodiversity
habitat. Greater levels of productivity are closely correlated with
financial profitability that can challenge the allocation of these forest-
lands to active conservation because of large opportunity costs (Lovric¢
et al., 2025). On the other hand, knowledge of productivity thresholds
and market values can facilitate the establishment of baselines,
measurable outcomes, and gauge land use change pressures to assess the
performance, additionality and permanence of biodiversity conserva-
tion payments (Monkkonen et al., 2014). Extant legal structures envel-
oping production forests can improve the governance, equality and
inclusiveness of voluntary biodiversity credit markets. Here, we recog-
nize that other non-production forests such as those under strict con-
servation can also be part of a market of biodiversity conservation
credits, but the clear identification of owners and/or users along rele-
vant stakeholders of production forests can lead to a transparent system
of biodiversity credits where due diligence of credits, buyers and sellers
and support environmental integrity and inclusive governance. For
instance, a common definition for production forests within a particular
jurisdiction can support leakage assessments particularly if production
forests are certified for sustainable forest management as stewardship
certifications have mechanisms to gauge and handle leakage (FSC
Controlled Wood, 2025). By extension, the ability to assess opportunity
costs of foregone timber management offers shadow prices to estimate
what payment levels would be necessary to trigger conservation. The
adoption of management plans across many production forests and their
common participation in timber markets can lower transaction costs in
the creation, monitoring, and issuance of credits. A combination of
clarity and enforceability of property rights, inferable opportunity
conservation costs, and low transaction costs can help the success of
biodiversity investments within a voluntary framework and via transfer
payments (Langpap and Wu, 2017).

Financial payments that internalize non-market forest ecosystem
values can bring a premium to forest owners (Mei, 2023). Diversification
of income opportunities creates economic incentives for forest man-
agement other than single-species even-age silvicultural management
within production forests (Mei, 2023; Satake et al., 2008). Conditions
have been conceptually derived to promote the effectiveness of pay-
ments to promote endangered species conservation (Langpap and Wu,
2017), but there is limited empirical evidence to-date (Lewis et al.,
2011). Despite two-thirds of the world’s biodiversity offsets being found
in forested ecosystems, none have shown successful no-net-loss out-
comes for forested habitats or species (zu Ermgassen et al., 2019). A lack
of adequate long-term monitoring programs with standardized moni-
toring approaches, such as randomized design and baseline data, makes
it difficult to evaluate biodiversity offset programs (Josefsson et al.,
2021).

Evidence consistently shows that biodiversity outcomes are closely
linked to forest management practices, and that measurable associations
exist between indicators of forest management and biodiversity
(Chaudhary et al., 2016; Dieler et al., 2017; Oettel and Lapin, 2020).
Commonly cited indicators of biodiversity in production forests include:

e Habitat structure, e. g. standing and lying dead wood, old and vet-
eran trees relating to many species including fungi, lichens, arthro-
pods, birds, bats and bryophytes (Asplund et al., 2024; Floren et al.,
2014; Lassauce et al., 2011; Parisi et al., 2016),
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e Canopy and stand structural diversity, e. g. basal area, canopy cover
and diversity, tree species diversity, diameter distribution, tree age
and height etc. relating especially to vascular plants, birds and
ground dwelling species (Larrieu et al., 2018; Winter et al., 2015;
Sever and Nagel, 2019), and

Reduced harvesting intensity or even a “no-management” approach,
e. g. lowering of harvesting intensity, adaptation of forest manage-
ment methods and creation of areas with no forest management,
relating to especially various bird species. These indicators may
therefore be particularly relevant for the monitoring of biodiversity
credit projects in production forests. Many species benefit from or
even require active management measures for their conservation and
development (Augustynczik et al., 2019; Cistrone et al., 2015; Hlasny
et al., 2017). For example, there is evidence of higher bat foraging
activity in sustainably managed forests relative to unmanaged stands
(Cistrone et al., 2015). Moreover, greater vascular plant species
richness has shown a positive association with shifts in tree species
composition in forests previously dominated by monocultural spruce
(Hlasny et al., 2017).

Single-species conservation frameworks, including keystone, flag-
ship, and umbrella species, have been widely applied to guide habitat
management, based on the assumption that protecting habitat for
selected species confers broader biodiversity benefits. Although um-
brella species approaches can be cost- and time-efficient, they are also
criticized for taxonomic bias and limited reliability as comprehensive
biodiversity indicators, particularly in forest ecosystems (Oettel and
Lapin, 2020). In a biodiversity credit application context, the demon-
strated sensitivity of species responses to silvicultural measures may
support the use of linkages between forest management and biodiversity
outcomes to design a streamlined, pragmatic system that prioritizes
monitoring of ecological structures shaped by management, rather than
relying on single-species assessments. Examples of management in-
terventions that promote structural diversity include reducing stem
density, promoting mixed-species stands, extending rotation periods,
and creating both horizontal and vertical heterogeneity within stands.

Attaining and sustaining old-growth conditions in the long term is
often associated with a loss of financial profitability for forest owners
(Sever and Nagel, 2019). Compensation via voluntary biodiversity
credits can help ameliorate trade-offs between wood production reve-
nues and biodiversity protection (Naumov et al., 2018; Monkkonen
et al., 2014; Trivino et al., 2016; Angelstam et al., 2018). Modest re-
ductions in timber revenues can substantially increase landscape mul-
tifunctionality, particularly biodiversity indicators.

5.2. Voluntary biodiversity credit adoption across production forests to
advance EU policy goals

Total forest area in the EU spans over 160 million ha but only 4% has
not been impacted by human intervention (European Parliament, 2023).
Forest production landscapes will be instrumental to supporting the
circular bioeconomy via wood production and other ecosystem services
(Salvador et al., 2023). Production forests in Europe, in particular those
in Nordic countries, are of national and international economic impor-
tance because they produce large amounts of industrial wood traded
worldwide and are often managed intensively for commercial wood
production (Eggers et al., 2022; Rytter et al., 2016). The prevalence of
private ownership across EU production forests presents an opportunity
for voluntary adoption and income diversification to support the
advancement of EU policy goals.

In response to the escalating biodiversity crisis of the 21st century,
international, regional, and local policy frameworks have increasingly
emphasized the role of forest biodiversity in achieving broader conser-
vation objectives (Bayrak and Marafa, 2016). Opportunities to volun-
tarily incorporate conservation credits as part of the management of
production forests align with extant EU policies. President von der Leyen
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stated in September 2024 that “we can create a market for restoring our
planet”, specifically mentioning “nature credits” (European Commis-
sion, 2024c); this shows ambition and a direction for action within the
EU. Our examination of European policy relevant to production forest
landscapes shows that the EU Nature Restoration Law creates favorable
policy conditions for financing biodiversity restoration measures
through credit mechanisms, as restoration targets under this framework
align directly with biodiversity credit objectives. The adoption of
voluntary biodiversity credits in European forests will partly hinge on
the development of standardizing methodologies to define and measure,
among others, biodiversity units and impacts to gauge additionality and
permanence. In Europe, and in line with monitoring processes, the
establishment of jurisdictional level baseline recommendations with
corresponding additionality tests can offer an opportunity to support
claims of net social and environmental benefits.

All aforementioned EU regulations and strategies provide guidance
and opportunities to create new flows of private finance to invest in
nature conservation and restoration, but PES and PES-like schemes
within forestlands are scarce in Europe (Hernandez-Morcillo et al.,
2022) specifically productive forests, although there are some relevant
experiences elsewhere as with agri-environmental programmes. Zu
Ermgassen and Lofqvist (2024) stress that to attract capital to be
invested in voluntary biodiversity credits, there needs to be a clear
policy signaling a sustained demand for credits. The EU Forest Strategy
already encourages the establishment of PES schemes and, in particular,
the roll out of carbon farming practices. The European Commission has
proposed an EU voluntary framework for certifying carbon removals
(European Commission, 2025); this framework includes critical building
blocks for a voluntary scheme that could also potentially be adopted for
a voluntary biodiversity scheme. Integrating biodiversity credits into
certified carbon removal credits would entail a degree of stacking of
these two forest ESs (which we mentioned could challenge measure-
ments of additionality, leakage and permanence), but it could also lower
transaction costs for participation in credits markets and enhance
accessibility to both suppliers and buyers. A staff working document
(European Commission, 2023) primarily discusses public financing
schemes and includes some ideas on combining public and private
financing schemes to create synergies for financing, but provides no
guidance on privately-financed schemes for biodiversity conservation or
restoration.

In a scenario where biodiversity credits are widely adopted across
European production forests, there will be discernible trade-offs from
lower timber supplies and consequential economic effects that could
challenge the advancement of a circular bioeconomy. Future studies
should explore scenarios where long-term biodiversity conservation and
restoration efforts impact the wood products sector, particularly where
the wood products industry is a central component of rural economies.
Potential trade-offs might be starker on particular private forests owners
and their ownerships for which asymmetric effects should be assessed
(Tiebel et al., 2021). Such investigations are essential to informing
public policy and to the design of biodiversity credits in a quest to reach
a more optimal balance between wood production and improved
biodiversity outcomes. In line, more research is also needed to recom-
mend efficient biodiversity credit design, payment mechanisms, and
financing schemes tailored to European contexts to both satisfy
marketability and improve biodiversity outcomes.

Sweden, with 83 percent of its nearly 18 million ha of forestland
classified as productive forests (Riksskokgstaxeringen (Swedish National
Forest Inventory Program), 2025), provides an example regarding the
prospects for adopting voluntary biodiversity credits. EU Natura 2000
sites in Sweden expand over 808,400 ha of production forests, and
898,400 ha of non-productive forests (Sweden Statistical Database,
2025b). Across production forests in Sweden 1.44 million ha constitute
formally protected land and 1.39 ha correspond to voluntary set-asides,
totaling about 12.2 percent of all Swedish production forests (Sweden
Statistical Database 2025a). Albeit a relatively small share, it equates to
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about all forests in Austria. Opportunities remain for voluntary actions
to efficiently compensate private forest owners to promote less-intensive
and diverse management systems across a larger share of production
forests (Lovric et al., 2025).

Swedish forests are particularly relevant to the EU Biodiversity
Strategy because its implementation will likely heighten timber man-
agement pressures on Nordic boreal forests as a result of less manage-
ment elsewhere (Di Fulvio et al., 2025). According to Trivino et al
(2016), maximizing timber revenues has precluded achieving high
levels of either carbon storage or biodiversity in boreal forests. Market-
oriented interventions under Swedish law already support domestic
forest biodiversity including nature conservation agreements (where
landowners are compensated for the forgone value of commercial timber
amortized over multi-year agreements), and set-asides within manage-
ment units as required under third-party forest certification
(Lansstyrelserna (Swedish County Administrative Board), 2025).
Nevertheless, not all conservation actions involve financial payments as
it is the case when key biotopes are identified and the Swedish Forest
Agency could require mandatory set-asides without financial compen-
sation (Blicharska et al., 2022).

In Sweden the EU Birds Directive 2009/147/EC and Habitats
Directive 1992/43/ECC are implemented under the Species Protection
Ordinance, although interpretation of legal requirements is often
debated in the Courts (Naturvardsverket, 2025). General guidance has
been issued regarding select species in Sweden such as in the case of
habitat quality for Picoides tridactylus L. (Roberge et al., Diarienr 2024),
but species-specific criteria and considerations that can affect forest
management are set on a case-by-case basis (Skogsstyrelsen, 2025). Such
a context creates a degree of uncertainty from potential regulatory ac-
tions faced by forest owners. The high transaction costs stemming from
regulated case-by-case management interventions that can be litigated
with uncertain consequences can create an incentive for voluntary
market-oriented conservation measures to emerge (Langpap and Wu,
2017).

6. Conclusions

Our findings suggest that production forests are well-positioned for
the implementation of biodiversity credits for conservation and resto-
ration. Past experiences with carbon credits in the forest sector offer
strong guidance to develop and support the design of voluntary biodi-
versity credit schemes. Specifically, we point to the ability to gauge
additionality, permanence, and leakage from biodiversity credits

Appendix 1

Final sample of scholarly literature selected for knowledge synthesis.
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implemented in production forests. Defined ownership and users’
forestland rights, the capacity to gauge land opportunity cost and in
many cases the existence of management plans make such assessments
possible across production forests — also reducing transaction costs — as
compared to other forest categories. Further, defined tenure and user
rights within production forests can support the inclusiveness of
different stakeholders in the governance of voluntary biodiversity
credits systems. By extension, measurable outcomes and identifiable
responsible parties can support the transparency and integrity of
biodiversity credits. Our analyses of the literature suggest that for
voluntary biodiversity credit markets to emerge these will require clear
government policy signals and legal frameworks to create demand sig-
nals and regulatory certainty to foster private investments. European
production forests and extant EU policy framing biodiversity conserva-
tion and restoration seem to already offer fundamental conditions to
support the adoption and scalability of voluntary biodiversity credit
systems.
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