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Bending the curve of biodiversity loss requires the business and financial
sectors to disclose and reduce their biodiversity impacts and help fund
nature recovery. This has sparked interest in developing generalizable,
standardized measurements of biodiversity—essentially a ‘unit of nature’.
We examine how such units are defined in the rapidly growing voluntary
biodiversity credits market and present a framework exploring how
biodiversity is quantified, how delivery of positive outcomes is detected
and attributed to the investment and how the number of credits issued
is adjusted to account for uncertainties. We demonstrate that there are
deep uncertainties throughout the process and question if the benefits of
biodiversity credits, and other efforts to abstract nature to a single unit,
outweigh the harms. Credits can only be positive for biodiversity if they are
used with unprecedentedly strict regulation that ensures businesses mostly
avoid negative impacts and if they are purchased to quantify positive
contributions rather than as direct offsets. While there may be a role for
markets in attracting conservation funding, they will only ever be part
of the solution, especially for the many aspects of nature that cannot be
reduced to a unit.

A perspective on the inaugural Georgina Mace Review
It was a great honour to be asked to write the inaugural Georgina Mace
Review for Proceedings B, but also quite daunting. What topic could do justice
to her incisive contributions that cut through muddled thinking, and laid the
scientific foundations for international conservation policy and practice? It
should be something that builds on her body of research within biodiversity
science. It should also engage with some of the things that her work epitom-
ised: clarity of thought and language, practical useability of the approaches
suggested, and robust underlying science. It rapidly became clear that there
was one topic that fitted this brief; how biodiversity gains and losses are
being measured to inform international action towards nature recovery. This
is highly salient to policy and practice right now, a field in which biodiversity
science has useful contributions to make, and a topic that Georgina made
foundational contributions to.

Redesigning the IUCN Red List of Threatened Species was Georgina’s first,
and huge, contribution to international conservation policy and practice. She
started by deploying her and her co-author Russ Lande's understanding of
population genetics and ecological modelling, to set out a clear and simple
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framework for thinking about extinction risk [1]. This led on to a series of workshops, which I was lucky to be involved in as
a very early career post-doc, thinking through how these scientific principles could translate into practical criteria for assigning
species to categories of extinction risk. The challenge was devising criteria which were applicable to all eukaryotic organisms
and were feasible to implement even when data on a species were minimal. This was a labour of love, over years, for a small
group of people led by Georgina, which grew into an enormous red listing effort by the global network of thousands of
scientists that is the IUCN Species Survival Commission. The Red List has become the standard for assessing the threat status
of a species (see https://www.iucnredlist.org/). As Georgina and some of the colleagues who were most involved throughout
the process reflected in a chronicle of the process [2], it also taught us a lot about how to develop, test and refine metrics and
standards in a way that is inclusive, global and able to incorporate wide expertise. The lessons learnt in the development of the
Red List were taken on board in two recent IUCN products: the Green List of Protected and Conserved Areas [3] and Green
Status of Species [4].

Georgina was engaged with some of the most influential groups working to underpin international conservation policy with
science, such as the Intergovernmental Panel on Biodiversity and Ecosystem Services [5]. Closer to home, the UK’s National
Ecosystem Assessment was a pioneering stocktake which not only provided an overview of the state of biodiversity in the UK
to support policy-making; it set biodiversity within a broader social-ecological systems framing, explained complex concepts
in ways that a broad readership could understand, and provided insights on ways forward towards sustainable futures [6].
Georgina’s collaborations with economists in this initiative sparked new ways of thinking [7]. Her work often brought into
focus topics where woolly thinking was hindering progress; for example she wrote the definitive, clarifying, explanation of how
biodiversity should fit within the framing of ecosystem services [8].

International conservation policy largely revolves around the Convention on Biological Diversity, and Georgina has made
a substantial contribution in this space. For example, she highlighted the need for better targets, better monitoring and better
indicators (e.g. [9]). This directly influenced the Aichi targets, which came into force in 2010 and were an attempt to define
quantitative aims for signatory governments: a milestone in enabling scientists to contribute approaches for tracking progress
and to deploy these in holding governments accountable. As the Decade of Biodiversity within which the Aichi targets were
operational (2010–2020) came to an end, Georgina and colleagues outlined what was needed to go beyond the limited ambition
of the Aichi targets to slow the rate of biodiversity loss in the next iteration of biodiversity targets. She called for action to 'bend
the curve' for biodiversity; reversing the trend of nature loss towards nature recovery [10]. She was part of a team that went on
to demonstrate that this can be done, if we combine both traditional conservation (protected areas) with reform of systems of
production and consumption [11].

The Kunming–Montreal Global Biodiversity Framework was agreed by more than 190 countries in December 2022. The
'bending the curve' ambition that Georgina championed made it into this Framework, in the 2030 mission to 'halt and reverse'
the loss of biodiversity. Wider society, including business and government, are making efforts to fulfil this mission. Given
that this requires 'net gain' in biodiversity—preservation of existing natural areas is not enough—impacts of human activity
on nature must be compensated for if they can’t be avoided or reduced. This requires the calculus of biodiversity gain and
loss which our inaugural Review interrogates within the specific domain of biodiversity credit markets. So, the Review builds
directly on Georgina’s foundational research, and aims to provide useful, actionable, insights to support the many actors that
are trying to implement this net gain calculus practically, in the real world, and in the presence of much uncertainty.

Georgina was a mentor to many; she actively sought out early career researchers to bring into the initiatives she led (as
she did for me). She was also an advocate for interdisciplinary collaborations. So I hope she would have been particularly
pleased to see that this inaugural Review is a collaboration of predominately early-career researchers, including people with
backgrounds in ecology, economics and finance. This has been a very exciting paper to write, and I thank the Royal Society for
the opportunity; I think and hope that it is a paper Georgina would have enjoyed being part of.

Professor Dame E. J. Milner-Gulland

1. Introduction
In 2018, Professor Dame Georgina Mace—the acclaimed scientist after whom this new review series is named—led a resonant
call for international biodiversity policy: conservation should go beyond managing the decline of nature and instead ‘bend the
curve of biodiversity loss’ [10]. This ambition was reflected in the Convention on Biological Diversity’s 2022 Kunming–Montreal
Global Biodiversity Framework as a commitment to ‘halt and reverse biodiversity loss’ by 2030. Achieving this will require
cooperation from the business, regulatory and financial sectors to both reduce impacts on biodiversity and increase spending to
plug the considerable funding shortfall [12].

There is a consequent push towards developing standardized means of measuring biodiversity, whether to enable businesses
to disclose their negative impacts and contributions towards positive impacts in consistent ways, to enable regulators to
set outcome-based biodiversity targets, to commodify biodiversity for emerging financial mechanisms or to assess progress
towards the Global Biodiversity Framework’s goals [13]. However, biodiversity is neither one entity nor valuable for one reason,
making meaningful generalized measurements—that consistently reflect biodiversity’s status and value in different settings—a
philosophical challenge [14,15]. There are also technical challenges associated with the capability of current technologies to
measure biodiversity across scales, and in demonstrating the cause of any measured unit of biodiversity gain or loss.

Nonetheless, efforts continue apace to develop standardized metrics that measure loss or gain in units of nature (note
that although the terms ‘biodiversity’ and ‘nature’ are often used interchangeably, ‘biodiversity’ refers specifically to the
variability of living organisms while ‘nature’ is a broader concept encompassing non-living elements such as landscapes and
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watercourses). In particular, there has been an explosion of actors developing biodiversity credits, a new asset class designed
to entice investment into conservation. The methodologies being developed by biodiversity credit organizations provide an
opportunity to explore and expose how the challenges in defining units of nature are being addressed.

A biodiversity credit is a certificate that aims to represent a measured and evidence-based unit of positive biodiversity
outcome that is additional to what would have otherwise occurred [16]. Credits may be acquired for a range of reasons
such as demonstrating that investment in conservation has had an impact, addressing a firm’s exposure to nature-related
risks or as evidence that the firm is contributing towards positive biodiversity outcomes. The hope is that a market selling
biodiversity outcomes as discrete units will remove barriers for businesses wanting to invest in nature by reducing complexity
and improving transparency in measuring outcomes [16,17]. Proponents argue that this has the potential to greatly increase
finance for conservation.

It is worth clarifying the relationship between the terms ‘biodiversity credit’ and ‘biodiversity offset’. Biodiversity offsets,
which have existed since the 1970s [18], aim to achieve a minimum ‘no net loss’ of biodiversity, by compensating losses from
a development with gains elsewhere, after having implemented previous steps of the mitigation hierarchy (avoiding and
minimizing impacts and restoring onsite [19]). Offsets may be produced either by protecting threatened biodiversity (‘avoided
loss’ offsets) or restoring degraded biodiversity (‘restoration’ offsets) [20]. Biodiversity offsets often involve the trading of
units of biodiversity in a market [21] and can be voluntary or mandated by the government. Biodiversity offset markets are a
dominant driver of private investment in conservation, generating an estimated US$11.7 billion investment in 2023 [22]. Debates
have existed for decades about the best ways to quantify biodiversity for offsetting schemes given that this choice hugely
influences outcomes [18,23,24].

Some industry-focused reports have distinguished the emerging voluntary biodiversity credit market from biodiversity
offsets, by saying that credits are intended to finance gains for biodiversity which are not linked to negative impacts [17].
However, this distinction is somewhat artificial for two reasons. Firstly, if credits are used to make claims of net positive impacts
on nature, these cannot be made without explicit reference to how negative impacts have been compensated for [19]. Secondly,
the International Advisory Panel on Biodiversity Credits has laid out a set of models for how biodiversity credits markets could
operate, which includes offsetting as a use-case [25]. This means that, in practice, voluntary biodiversity credits are likely to
be used to offset harms. Somewhat confusingly, units traded under existing regulatory biodiversity offset schemes (such as
Biodiversity Net Gain in the UK) are also sometimes termed biodiversity credits.

The voluntary biodiversity credit market faces an additional measurement challenge beyond what has been encountered so
far in biodiversity offsetting schemes. In biodiversity offsetting, there have been limits to fungibility (the extent to which units
are interchangeable between sites), with different measurement approaches in different systems. However, emerging voluntary
biodiversity credit operators are attempting to define a unit of nature that is generalizable across regions and ecosystems or
even across the globe. Yet, even with lesser measurement challenges, biodiversity offsetting schemes have been plagued with
issues in demonstrating additionality (that benefits are beyond what would have happened in the absence of intervention),
a lack of leakage (that impacts are not simply displaced to elsewhere in the landscape), and that there is some degree of
permanence (that benefits persist) [26–28]. For example, multiple reviews have found that while the evidence base is small, the
majority of evaluated biodiversity offsets did not achieve no net loss [29,30].

Similar issues have been faced by another nature-based market: forest carbon credits. These face lesser measurement
challenges than biodiversity credits, in that there is a universally accepted unit of one tonne of CO2 (or CO2 equivalent). Yet,
carbon credits have been strongly criticized for not often representing truly additional gains [31], a recent high-profile study
highlighting this [32] contributed to US$1 billion being wiped off the value of the voluntary carbon market [33].

With this background, it is important to investigate how biodiversity credit operators are defining a unit of nature, and
whether they can overcome the difficulties encountered in biodiversity offsetting schemes and the forest carbon market. Here,
we review a sample of emerging methodologies from organizations proposing to sell biodiversity credits on the international
voluntary market, categorize the decisions they make in defining a unit of nature and explore key challenges. We aim to
provide those involved in marketing, evaluating or buying biodiversity credits with a better understanding of what is being
sold. More broadly, we hope to give readers an understanding of the promises and perils of attempting to abstract biodiversity
to standardized, fungible metrics and what this means for efforts to bend the curve of biodiversity loss.

2. Approach
We used the database provided in [34] and additional grey literature searches to identify biodiversity credit operators with
detailed methodologies available as of 31 July 2024 (see electronic supplementary material, table S1 for a list of considered and
reviewed methodologies). We focused on the majority of credit operators that sell credits based on biodiversity outcomes and
did not review those that sell credits based on management action.

We categorized the stages methodologies go through (whether explicitly or implicitly) to create a biodiversity credit. These
are: (i) framing (what does one credit represent), (ii) quantifying (how is biodiversity measured at the project site at any one
point in time), (iii) detecting (how is conservation or restoration detected through time, and attributed to the investment), and
(iv) adjusting (how are the number of credits issued adjusted to account for factors outside project control).

In figure 1, we present an overview of these stages, walk the reader through a focal example, and highlight the key
measurement challenges encountered at each stage. We now investigate each stage in turn. Given the rapid development of this
field, it is likely that the details of methodologies will change, so we avoid naming specific ones in the text. However, we use
superscript letters to direct the interested reader to electronic supplementary material, tables S1–S5, which give full details of
the decision each methodology takes, as of August 2024.
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(a) Stage 1: Framing

(i) Methodology decisions

‘Framing’ considers the decisions that define what kind of biodiversity a credit represents and over what time period. All
methodologies we reviewed (except onej) sell credits by area; representing biodiversity in units of one hectare (figure 2; decision
1a). Methodologies specify what ecosystems they can be applied to, with many being designed to represent any ecosystem—
terrestrial, marine or freshwaterc,e,f,g,h,i,k. Others are more specific, to either terrestriala or marined biomes, to certain ecosystem
types, for example, tropical forestb,l or to certain characteristics of sites, for example, key biodiversity areasf (figure 2; decision
1b).

A key distinction in credit types is whether they represent units of conserved (sometimes known as ‘avoided loss’ or
‘preservation’ credits) or restored (sometimes known as ‘uplifted’) biodiversity (figure 2; decision 1c). In most cases, the detection
of the two is quite different (see §2c). Many methodologies give separate definitions for how to calculate each typec,e,f,k, though
some are focused on just conservationa,b,d,g,l or restorationj or have the same method for bothh,i.

Finally, methodologies define the time period that one credit represents (figure 2; decision 1d). For instance, one
restoration credit might be issued for every 1% gain in biodiversity over a 5-year time period. Many credits represent 1
yeara,b,d,f, although some represent time periods that are shorter, for instance, one monthg, or longer, for instance, the total
length of a projecti,j.

In most cases, individual credits are designed to be sold at the same price, and if a project generates better outcomes—for
instance, greater levels of restoration—more credits are issued. However, some methodologies also tier their credits, and sell
some at premium prices based on other project inclusion criteriac,f,g,h,l (figure 2; decision 1e). For instance, credits might be
grouped into gold, silver and bronze tiers depending on whether projects occur in areas important for biodiversity.

(ii) Challenges

Fungibility

Fungibility—interchangeability of units—is key to commodifying biodiversity because, at least in theory, it allows efficient
allocation of resources in a market [18,24]. However, biodiversity is multi-faceted and complex, meaning that fungibility is a
social construct, not an ecological property. Many of the quantification approaches taken allow different metrics for different
areas (see §2b), which goes some way to reflecting the fact that ecosystems can be important for different reasons. Yet, it
still means that changes in measured quality in one ecosystem are rendered equal to changes in another. This ignores the

Figure 1. (a) The stages biodiversity credit methodologies go through to create a unit of nature that can be traded to generate revenue for conservation. Numbers
in stage 2 ('quantifying’) are normalized measures of each metric. (b) The key question being answered at each stage, and a worked example for a hypothetical
credit (note bold, coloured text could be replaced by another decision, see figures 2–5 and electronic supplementary material, tables S1–S5 for full details). (c) Key
challenges associated with each stage.
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place-based importance of biodiversity: the many ways in which different aspects make direct and indirect contributions to
human well-being [8] depend on where the biodiversity is relative to people and how people relate to it [35]. Place is also
important in terms of connectivity—an isolated patch of forest is not equivalent to one within a contiguous landscape [18]. To
render any of these axes of value equivalent is to ‘omit, obscure or conceal’ them [36], and will mean resources directed to
credits are unlikely to be allocated optimally for nature or people.

Despite this, most accept that rendering ecosystems fungible is necessary to some degree. Biodiversity offsetting markets
generally establish trading rules that determine what types of nature are interchangeable, and across what distances. For
example, in China, the national forest offset system allows any area of forest to be replaced by any other area, so long as it
is also a forest [37]. In England’s Biodiversity Net Gain system, the trading rules allow a unit of habitat to be exchanged with
one with the same or higher ‘distinctiveness category’, with a strong preference for ‘like for like’ trades as local as possible to
the impact site [38]. These choices at least go some way to increasing the comparability of sites where biodiversity is gained
or lost. In contrast, biodiversity credit methodologies designed to be applied to any ecosystem push fungibility to its extreme
by attempting to render biodiversity gains equal across continents and biomes. Some operators tier credits to attempt to retain
some of the masked value (decision 1e), however, this still means all credits within each tier are considered fungible.

(b) Stage 2: Quantifying

(i) Methodology decisions

‘Quantifying’ considers the choice of metrics used to reduce the complexity of biodiversity at a site at any one time to a
single value. There are two broad approaches taken to this (figure 3; decision 2a): those which assign a numeric value to
the ecosystem(s) present at a site, where a higher number indicates higher biodiversity value, and those which classify the
site according to a binary condition, reflecting some definition of healthy or not healthy. In a small number of cases, both
approaches are used—a condition to decide if credits are issued at all and a numeric value used to assign worth if so.

Methodologies assigning numeric values almost always bring together multiple metrics into one valuea,c,d,e,f,h,i,k,l. Some
methodologies term this approach a ‘basket of metrics’k (inspired by the Retail Price Index). In the academic literature, this
approach is referred to as a composite indicator [39]—we continue to use ‘basket of metrics’ for consistency. The choice of
metrics that go into the ‘basket’ varies greatly by methodology (figure 3; decision 2c), although most aim to capture a range of
population, species and ecosystem-level metrics—for example, abundance of a target species, species richness and a measure of
ecosystem structure (see example 1, figure 3).

Methodologies then face the difficulty all composite indicators face: how to bring together metrics measured on different
scales into one value, which reflects the overall state of the system [40,41]. There are three steps to this: normalization—shifting
metrics to the same numeric scale; weighting—assigning relative importance to each metric, and aggregation—bringing metrics
together by, for example, taking the average.

Normalization is necessary, as otherwise, any metric with larger absolute values will have a disproportionate impact on
the final composite indicator (figure 3; decision 2d). Many normalization procedures exist for scaling data that have already
been collected [39], but these assume that the full range of possible values is represented in the data. In most cases, especially
with restoration credits, this is not the case, as restoration should improve values beyond the initially measured range. For this
reason, most methodologies normalize via a ‘distance to target’ approach in which metric values are scaled between 0 and 1,
where 1 represents the ‘target’—an estimate of what the metric would be in a pristine ecosystemc,d,e,h,k. Most methodologies use
linear scaling (e.g. if target species richness were 30 and the measured value was 15, the metric would be normalized to 0.5),
though others allow for metric-specific scalingc,e. Of course, this approach means estimating the target value, i.e. what would the
biodiversity metric be in a pristine or recovered ecosystem (figure 3; decision 2d). Most suggest using a range of techniques to
estimate this, including reference to intact sites nearby, models, consultation with experts or the use of historical data.

The next step is weighting (figure 3; decision 2e)—how much should each metric contribute to the final composite indicator?
Many methodologies do not use a system, thereby assuming equal weightinga,f,h,i,k,l, though some give certain metrics more

Figure 2. Decisions taken within the ‘framing’ stage (see figure 1). ‘Any ecosystem’ restoration credit (example 1) and a tropical forest conservation credit (example 2).
Bold, coloured text in column 2 shows what decision has been taken by the example credit; this text could be replaced by other decisions depending on answers to the
questions shown in column 3 (see electronic supplementary material, table S2 for more details).
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importancec,d,e. Finally, methodologies decide how metrics will be aggregated (figure 3; decision 2f). Most use simple methods
such as meanh,c, mediank or suma,d,f,i,l.

In addition to, or instead of, the above decisions, some methodologies define a binary condition that marks the site as healthy
or nota,b,g,l (figure 3; decision 2g). Mostly, this condition is measured according to one metrica,b,g (figure 3; decision 2h): for
example, a site could be marked as healthy if deforestation has not occurredb, or if a sensitive indicator species is detected as
presenta,g.

(ii) Challenges

There are two key challenges within the ‘quantifying’ stage. Firstly, representing the value of biodiversity in a measurable way,
and secondly, handling the inevitable trade-offs when multiple metrics are combined.

Representing biodiversity

When methodologies specify how to quantify biodiversity, they are implicitly stating what is valuable about it. Metrics
necessarily focus on aspects of nature that are quantifiable, ignoring those that are either technically challenging or conceptually
impossible to quantify, such as species interactions [42], the cultural value of nature, or its constitutive value as a part of the
identities of Indigenous peoples and local communities [35,43].

Those methodologies that class sites into binary conditions define value in broad terms, for example, healthy/not healthy or
intact/not intact. There are advantages in terms of simplicity and cost effectiveness, plus the benefit that it is relatively easy to
understand what one credit represents [44]. However, they make the strong assumption that what is measured acts as a proxy
for condition, which may not always be the case: biodiversity value is unlikely to be fully represented by one or a few umbrella
species [45], and sites can be degraded in many ways short of outright structural habitat destruction [46]. Those methodologies
that assign numeric values to the quality of a site are more explicit, and more complex, in defining what they find valuable
about a site, but face further challenges in terms of how metrics are combined.

Combining metrics

Combining metrics presents two distinct challenges. Firstly, combining metrics with a simple calculation (mean, median or sum)
assumes that declines in one metric (e.g. population of a target species) can be balanced by increases in another (e.g. species richness),
with no change in the overall value of the combined metric [47]. Such trade-offs mask strong value judgements (for example,
increasing species richness could harm a particular species of high conservation importance [48]), and could mean the combined
metric is not representative of ecosystem health or function. Other ways of aggregating metrics exist [47], where rules can be defined
about which metrics can and cannot trade off, but they are likely too complex to be usable in credit methodologies.

Secondly, normalizing metrics so they can be combined onto the same scale using ‘distance to target’ assumes that there
exists an ideal target state and that this value can be known. However, biodiversity is dynamic in time and space [49–51] making
it difficult to objectively define such a target state, especially in the context of ongoing climate change [52]. The result is that
distance-to-target approaches are highly vulnerable to gaming, as low target values mean that relatively small increases in
metrics will register as large gains.

Figure 3. Decisions taken within the ‘quantifying’ stage (see figure 1). ‘Any ecosystem’ restoration credit quantified by a basket of metrics (example 1) and a tropical
forest conservation credit quantified via a binary condition (example 2). Bold, coloured text in column 2 shows what decision has been taken by the example credit; this
text could be replaced by other decisions depending on answers to the questions shown in column 3 (see electronic supplementary material, table S3 for more details).
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(c) Stage 3: Detecting

(i) Methodology decisions

Once methodologies have defined what credits represent (Stage 1—Framing), and the metric by which biodiversity is measured
(Stage 2—Quantifying), they next must define how outcomes will be detected as the project progresses, and how to attribute
any change to the investment. This involves demonstrating two things. Firstly, that biodiversity has not degraded (conservation)
or has improved (restoration), and secondly, that this outcomes was caused by the project (i.e. is additional). Note that though
nearly all credits are sold per hectare, generally biodiversity is measured across the entire site, so detected gains, as described
below, are multiplied by the area of the project site to obtain the number of credits.

Restoration credits need to demonstrate that the site has changed for the better, as a result of the investment. All restoration
credits use continuous metrics as opposed to binary conditions, and measure the amount of change relative to a baseline; almost
always the metric value in the year the project startsc,f,k, and, in subsequent issuance periods, the metric value at the end of the
last issuance period (figure 4; decision 3a). In one case, this baseline is adjusted based on estimates of how much biodiversity
would have declined in the absence of the projecth. Then, in each issuance period, the change from baseline is calculated (figure
4; decision 3b), and credits are awarded per unit change in the metric (figure 4; decision 3c). For instance, if the metric rises by
10%, 10 credits are issued per hectarek.

Conservation credits detect conservation either by demonstrating that the site has not changed, based on the metric, or that a
certain condition has been met (figure 4; decision 3d). For those that demonstrate a lack of changed,e,f,h,k, the metric is compared
to a baseline—the metric value of the site in the year(s) before the project began (figure 4; decision 3e). Generally, a certain
window of deviation from the baseline is allowedd,f,i,k, for instance, 10%f (figure 4; decision 3f). If the metric value falls below
this window, credits are not issued. If it stays within, either a fixed number of credits is issuedb,c,d (in some cases, deducting
credits depending on how close the metric is to being outside the windowf) or the amount is based on estimates of how much
the site could have been degraded if the project had not intervenedk (figure 4; decision 3g). Conservation credits based on a
binary condition are issued if the binary condition is meta,b,c,g,l, the number of credits issued is sometimes determined based on a
numeric measure of the quality of the sitea (figure 4; decision 3i).

What would have happened without the investment cannot be directly observed, so it must be estimated. Conservation
credit methodologies generally avoid explicitly estimating this counterfactual, but attempt to demonstrate additionality based
on either evidence of threata,b,g (for example, only sites that occur in regions of rapid habitat loss can enrol) or of additional
management actionb,f (figure 4; decision 3h). All restoration credits in our sample use the baseline to represent what the state of
biodiversity would have been without the investment (figure 4; decision 3a)—assuming that in the absence of the project, the
site would have remained at the baseline metric value.

Figure 4. Decisions taken within the ‘detecting’ stage (see figure 1). ‘Any ecosystem’ credit, quantified continuously (example 1) and a tropical forest conservation
credit quantified via a binary condition (example 2). Example 1 has been expanded into 1a (restoration) and 1b (conservation), to demonstrate how conservation and
restoration are often detected when the ecosystem is quantified continuously. Bold, coloured text in column 2 shows what decision has been taken by the example
credit; this text could be replaced by other decisions depending on answers to the questions shown in column 3 (see electronic supplementary material, table S4 for
more details).
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(ii) Challenges

There are two key challenges at the ‘detecting’ stage. Firstly, detecting true change (or lack thereof) in the system to ensure
the credits are not simply commodifying noise, and secondly, being confident that the outcomes of the investment are truly
additional.

Commodifying noise

In ecology, measurement error is often very large. Though methods to account for imperfect detectability exist (e.g. occupancy
modelling and rarefaction curves), these only reduce uncertainty to a certain extent [53,54]. Newer technologies such as
acoustic monitoring and camera traps may bring down survey costs, but are also associated with substantial uncertainty
[55,56]. Even if it were possible to measure parameters perfectly, most metrics fluctuate through time; for example, trends in
butterfly populations can only be detected from long time series because of large interannual variation [57]. As a result, credit
methodologies based on changes over short to medium time scales run the risk of rewarding, or penalizing, project operators
based on measurement error or random fluctuations—in essence, commodifying noise. At the time of writing, only a few
methodologies included stipulations to attempt to account for thisc,d,f,k (see decision 3j; electronic supplementary material, table
S4).

Additionality

Just because a biodiversity change is observed, it does not mean that it was caused by the investment. For this, an estimate
of the counterfactual is needed [58] (i.e. how much nature would have been lost, or regeneration occurred, without the
investment). Not all sites supposedly threatened with habitat loss really are [32], and many degraded sites are undergoing
natural regeneration following land abandonment [59]. Biodiversity credits, like many conservation incentive schemes, are
vulnerable to adverse selection—where the landowners most likely to enrol are those with the lowest opportunity costs for
carrying out conservation or restoration [60,61]. This incentivizes projects where the conservation or restoration is not additional
[61–63].

Biodiversity credits face even greater challenges in demonstrating additionality than the voluntary carbon market due to
the lack of data. In the carbon market, the high spatial and temporal resolution of forest change data means that sophisticated
methods can be applied to estimate the counterfactual [32,63,64]. However, data on other biodiversity outcomes are not
available from remote sensing, and would otherwise be prohibitively costly to collect. For this reason, few credit methodologies
use control sites, and those that do use them take static one-time measurements to represent what the project site could be,
rather than using a dynamic counterfactual measured through time alongside the project site [65].

One school of thought argues that even if it is difficult or impossible to demonstrate that biodiversity outcomes are
additional, the very fact that additional finances have been brought to the project indicates a positive outcome (financial
additionality). However additional investment, in and of itself, does not ensure positive biodiversity outcomes, especially as in
the past biodiversity markets have induced ‘cost-shifting’—where states use the revenues generated by biodiversity markets to
justify reducing their own public biodiversity spending [65].

(d) Stage 4: Adjusting

(i) Methodology decisions

After the number of credits generated has been calculated (Stage 3—Detecting), some methodologies adjust the number of
credits issued to account for leakage, other uncertainties or permanence.

Leakage is where an investment results in threats to biodiversity being displaced, rather than reduced [66]. To account for
it, some methodologies subtract a proportion of credits from the total generatedc,f,g,h,k (figure 5; decision 4a). Most only consider
leakage at a very local scale, e.g. into areas that are within a project’s control but not being used for biodiversity creditsc,h,k. None
account for leakage over larger distances. Some methodologies also choose to deduct a ‘buffer’, a set percentage (most often
20%d,f,h,k), to account for uncertaintiesa,c,d,f,h,k (figure 5; decision 4b).

Most have stipulations about the minimum length projects must exist for, in order to address the issue of permanence (figure
5; decision 4c), even if credits can be issued at multiple time points within that period. Typically, this is at least 20 yearsb,f,g,h,i,k,l.

(ii) Challenges

Leakage

Leakage can be direct (sometimes termed primary or local leakage) or market (also known as secondary or indirect leakage)
[66]. Direct leakage refers to the direct displacement of threats; for example, a farmer restores one field to generate biodiversity
credits but production moves to an undeveloped area elsewhere. Market leakage is mediated through supply chains; for
example, if production of a crop reduces because farmers in one place decide to use the land for biodiversity credits, this
decrease in supply may cause prices to rise, which incentivizes others elsewhere to develop land to grow the crop.
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Though some methodologies include clauses to account for direct leakage, most are vague about how exactly it should be
calculated. Previous studies of conservation projects that have tested for the presence of direct leakage (e.g. [67]) have only
been able to do so because of the availability of remotely sensed data on forest change. Assessing direct leakage using the
detailed biodiversity metrics proposed by credit methodologies will be extremely challenging as it would require biodiversity
monitoring across the area producing credits and any land into which leakage may occur.

Even more difficult to assess is market leakage because of teleconnections—distant, often global-scale—links between drivers
of demand and local land use [68]. Some economists argue that conservation projects that alter production by using land for
biodiversity rather than crops, timber, etc., will always result in leakage because demand must be met from elsewhere [66]. This
suggests that the only way to ensure no leakage is to couple conservation/restoration efforts with schemes that either reduce
demand for the commodity or promote sustainable intensification so that demand can be met with less land [66,69]. Approaches
do exist to estimate the extent of market leakage [68,69], but these are likely to be unfeasible at the project scale.

Permanence

It has long been recognized that carbon sequestered through forest conservation or restoration projects does not represent
the permanent removal of carbon from the atmosphere, as those forests may be cleared in future [70]. Wherever biodiversity
credits are used to offset losses then the question of permanence is just as important; without long-term management, many
conservation or restoration gains could be lost. Though many operators specify minimum project lengths, the efficacy of the
projects issuing credits remains untested in any nature market because it requires observation over longer time scales. Doubts
exist about the robustness of current governance mechanisms for ensuring long-term nature protection [71], not least given the
current worsening of major drivers of biodiversity loss such as climate change.

Buffer

Setting aside a proportion of credits to act as a buffer against unexpected events is one way to address potential impermanence,
as well as market leakage, a lack of additionality and other uncertainties, and has been used extensively in carbon markets. The
related concept of offset multipliers has served the same purpose in biodiversity offsetting schemes [72]. However, both have
been criticized for setting these at levels that severely underestimate potential uncertainties [31,73]. This would suggest a need
instead to explicitly recognize and manage uncertainties [74] as the buffering approach is unlikely to be financially viable if it is
appropriately precautionary.

3. Discussion
(a) Confronting ‘deep uncertainty’ in a unit of nature
Georgina Mace made it clear over a decade ago that a phenomenon as complex as biodiversity can never be reduced to a single
measure and will always require different metrics for different purposes [8]. The search for ‘one true metric’ is inherently futile.
The ‘basket of metrics’ approach adopted by many methodologies does not change this fact, as it involves subjective decisions
regarding which metrics are included in the basket and how they are normalized, weighted and aggregated.

Reducing uncertainty in the measurement of biodiversity will be important to ensuring that credits do not reward or
penalize projects based on measurement error (‘commodifying noise’). Recent advances in monitoring technology could go
some way towards reducing some measurements [75,76], although, at least in the near future, the cost of rolling out such
technologies across many project sites is likely to be prohibitive and would reduce the funding available for conservation or

Figure 5. Decisions taken within the ‘adjusting’ stage (see figure 1). Showing just one example because adjusting decisions are agnostic to credit type. Bold, coloured
text in column 2 shows what decision has been taken by the example credit, this text could be replaced by other decisions depending on answers to the questions
shown in column 3 (see electronic supplementary material, table S5 for more details).
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restoration activities. Recognizing this, a few credit operators, not included in our full review, do instead reward management
action, rather than investing in the monitoring of outcomesm,n,o,p [77].

Better measurement will still not address important issues in operationalizing biodiversity credits, which include the
long-recognized difficulties of demonstrating additionality, dealing with leakage and the permanence of any gains. These
have been extensively discussed in relation to other schemes providing conditional funding based on conservation outcomes
such as payments for ecosystem services (conditional payments incentivizing land managers to provide ecosystem services
[78]) and REDD+ (then envisaged as a global-scale framework of government-to-government investment in forest conservation
with social and biodiversity co-benefits [79]). Yet despite decades of work, there remains ‘deep uncertainty’ (uncertainty which
cannot be known or quantified) associated with such schemes and how they demonstrate truly additional, permanent gains
[80].

The uncertainty associated with biodiversity credits will inevitably be even deeper because of the metric difficulties
discussed in this article. This is not to mention the potential for perverse actors to intentionally game the system, for example,
by selecting metrics likely to show positive change but that poorly represent ecosystem health or local values, or by selecting
low values for the ‘target ecosystem’ that metrics are normalized against, to inflate estimated gains. Gaming has been a problem
in carbon markets [81], and in previous cases of biodiversity offsetting [82].

All of the above means that knowing whether the investments which biodiversity credits claim to bring to biodiversity
conservation are actually having the desired effect will be supremely challenging.

(b) Risks of biodiversity trading
Proponents of financial additionality argue that all investment in biodiversity is welcome, regardless of uncertainty or whether
outcomes are demonstrably additional. In some cases this could seem sensible: a long-established conservation project, seeking
additional revenue from conservation credits, could struggle to demonstrate ‘avoided-loss’ if years of efforts have already
reduced imminent threats in the area (limiting investment to the exact projects most well positioned to upscale conservation
work). However, any situation where there is a gap between claimed and measurable benefits carries risks. First and foremost, if
underperforming credits are used by businesses to offset harms, there will be a net loss of biodiversity. Underperforming credits
could also crowd out other sources of funding because of the perception that biodiversity loss is being sufficiently addressed, or
undermine the long-term credibility and stability of funding flows if it becomes apparent that improvements are not real [19,60].

The commodification of public goods can also risk exacerbating inequality [83]. The development of credits in places where
Indigenous peoples and local communities lack secure land rights and are marginalized from decision-making can result in
further marginalization and economic displacement [84]. Safeguards developed to address such issues in biodiversity offsets
and REDD+ schemes have had mixed success [85,86]. Initiatives have been set up to improve the representation of Indigenous
peoples and local communities in the development of biodiversity credits [87,88], but substantial attention and resources will be
needed to ensure that biodiversity credits enhance rather than undermine human rights and equity.

Finally, some state that biodiversity is so incompatible with commodification that to compromise by allowing it to be traded
is inherently harmful and will result in conservation goals increasingly being compromised by businesses in pursuit of profit
[89,90]. Under this reasoning, market-based instruments deplete the political capital required for alternative approaches to
funding conservation such as cutting subsidies, increasing public investment, mandating industry contributions to global funds
for biodiversity and tightening regulations that address the underlying drivers of biodiversity loss [91].

(c) Ways forward for biodiversity credits
Given these risks, and the deep uncertainty inherent in creating a tradeable unit of nature, what is the way forward? The key
question may not be ‘how do we better define a unit of nature?’, but rather ‘(how) can biodiversity credit markets be designed
so that the benefits outweigh the harms?’ This shifts the focus out of the realm of ecology and into the realm of political science,
governance and economics.

Using biodiversity credits to quantify contributions toward nature recovery, rather than to directly offset specific negative
impacts, is a key way to reduce some of the risks we highlight. This is referred to in the forest carbon world as a ‘contribution’
model. Instead of buyers of forest carbon credits claiming that the credits can offset emissions to achieve ‘net zero’, they instead
make a ‘contribution’ to global climate mitigation through investments in forests [92]. While this may seem like a small change
in terminology, it represents an important difference. If carbon credits cannot be subtracted from a company’s emissions to
produce a single net number, they cannot be used as a license to continue emitting. This also lessens the incentive for buyers to
focus on quantity rather than quality in purchased credits [17,93]. Some biodiversity credit operators are already promoting this
approach.e

However, it is important that the contribution approach does not entrench the idea that an organization just needs to make
some level of investment in biodiversity conservation in order to claim a ‘nature positive’ contribution [94]. Genuine application
of the mitigation hierarchy is required, emphasizing first and foremost avoiding negative biodiversity impacts [19].

With these caveats, and as long as biodiversity credit investment does not replace public policy effort, and as long as
Indigenous peoples and local communities hold the decision-making power regarding whether and how projects go ahead [95],
a contributions-based biodiversity credits market could be positive for nature. However, these are very strong suppositions that
have not always held in the past: there is ample evidence of the mitigation hierarchy being ignored and harms to Indigenous
peoples and local communities from previous schemes [65,96–98].
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Regulation could address some of these risks, but effective enforcement of regulation on the voluntary biodiversity credit
market would require very substantial industry-generated will, as well as transparency and civil society scrutiny. Even in
national-level schemes, which require biodiversity to be measured in a standardized way to meet statutory requirements, such
levels of regulatory capacity are rare [26–28].

4. Conclusion
Developing standardized approaches to measure units of biodiversity is a monumental challenge. Any attempt to abstract
nature needs to be transparent about the ways in which units can, and cannot, represent biodiversity and its values. We
hope that our analysis of the stages that biodiversity credit methodologies must go through to produce a tradeable unit has
highlighted key challenges and the very substantial uncertainties. Based on this analysis, we believe that a positive impact from
credits is only possible in a ‘contribution’ model [92], where credits are used to make a measurable contribution to biodiversity,
rather than being used to offset negative impacts in support of ‘net’ claims.

Progress towards humanity’s urgent mission to halt and reverse the loss of biodiversity depends upon the cumulative actions
of all sectors of society. There may be a role for markets in innovating, and reaching places, actors and funding that would
otherwise be unreachable. However, markets can only ever be one part of the solution for delivering effective and equitable
conservation, and there will remain a large and important role for direct investment in nature by the public and private sectors
[99] as well as for regulation to reduce impacts on nature. This will be especially vital to ensuring the conservation and recovery
of the aspects of nature, and its importance for people, that cannot be reduced to a unit.
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