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Abstract

Ecosystem services are essential for life on Earth and ensuring their continued provision
requires the protection and restoration of biodiversity. But the scale of financing needed
to protect biodiversity far exceeds the capacity of the public sector making it necessary to
attract private capital. Biodiversity-linked bonds, derived from ESG sustainability-linked
bonds, could help channel the required capital to biodiversity conservation as their flexible
payoff structures can accommodate the preferences of both issuers and investors. This
paper proposes an option-pricing based valuation framework that addresses two key
characteristics of biodiversity-linked bonds: first, the optionality embedded in the bond’s
payoff structure, and second, the constraints on the family of stochastic processes
suitable for modeling complex biodiversity dynamics. A standardized pricing framework
could support scaling up biodiversity markets and help to narrow the existing funding gap.
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1 Introduction

Ecosystems provide valuable services complementary to other production factors and make
life possible on Earth. In 2020, approximately US$ 44 trillion of global GDP was dependent
on ecosystem services (Herweijer et al. 2020). The services fall under four main categories

(Millenium Ecosystem Assessment 2005):

e Provisioning services, which are the tangible goods and resources that humans can
harvest from the system. They comprise food, water, raw materials, genetic re-

sources, and medicines.

e Regulating services, which are the benefits ecosystems provide by stabilizing the
environment. Key among them are climate regulation, water regulation, air purifi-

cation, pest and disease control, and pollination.

e Cultural services, which are benefits that contribute to society’s quality of life, cul-
tural identity, and well-being more generally. They include, among others, recre-
ation, aesthetic value, spiritual and religious significance, education, and social co-

hesion.

e Supporting services which are essential to the overall health and function of the
ecosystem, and sustain the three other type of services. Some of them include soil

formation, nutrient and water cycling, and biodiversity.

The ecosystem biodiversity is a critical factor in the provisioning of services and
should be preserved as much as possible, as the services ecosystems provide cannot be
substituted away by increasing the stock of human-created physical capital (Dasgupta
2021).!. Biodiversity is not uniformly distributed in the planet but largely concentrated
in the tropical and subtropical regions. The most biodiverse areas include the tropical
rainforests in Africa, South America, and Southeast Asia; the coral reefs in Australia, the
Caribbean, and Southeast Asia; the tropical Andean regions in Colombia, Ecuador, and
Peru; and the mangrove forests in Central and South America, Southeast Asia, and West
Africa (Hoekstra et al. 2010).

A majority of the most biodiverse countries are either developing or emerging market
economies, where nature represents a substantial share of their wealth (Figure 1). This
is partly because they have not accumulated as much human and non-natural physical
capital as in several advanced economies, and because deforestation and over-exploitation
of natural resources have yet to reach the levels experienced by the latter earlier during
their development stage. Nevertheless, these ecosystems are increasingly under duress

(Conservation International 2024).

1. Ecosystem services can be formally integrated into a production function to evaluate the overall
impact of biodiversity loss in the economy and assess how fragine an ecosystem is, as in Giglio et al. (2024)



Figure 1. Share of renewable natural capital in total wealth vs. 2022 PPP GDP
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Sources: Notre Dame Global Adaptation Initiative (ND-GAIN), and the World Bank.

Notes: The figure shows the ND-GAIN ID ECOS 03 index against the 2022 PPP GDP World Bank
estimates. The index is based on the World Bank’s Natural Capital Accounting Project and is an indicator
of the strength of the dependency of social systems on ecosystems goods and services. It is based on the
deployment of national capital in national accounting including national income and savings in the form of
all assets and capital goods that are inputs to economic well-being (World Bank 2010). The natural capital
related to ecosystem services includes: crop, pasture, forest (timber), forest (non-timber) and protected
areas. Sub-surface capital such as oil, gas and mineral reserves are not included.

Limited financial resources, combined with the urgent demands of growing popula-
tions, make it difficult for developing and emerging economies to prioritize environmental
protection in the same way that advanced economies can. Wealthier economies have more
robust institutions and access to funding for sustainability initiatives, as evident in Figure
2. The disparity underscores the need for more equitable global support and innovative
financing mechanisms to finance environmental protection efforts. But mobilizing the
needed resources to protect biodiversity is a Herculean task. Deutz et al. (2020) suggest
that from 2020 until 2030, global biodiversity conservation needs would require annual
outlays of between US$ 680 billion to US$ 950 billion, which vastly exceeds conserva-
tion funding annual flows of only between US$ 118 billion to US$ 154 billion. The needs
are associated with the expansion of protected areas, the conservation and restoration of
coastal ecosystems, the sustainable management of productive landscapes and seascapes,
the management of invasive species, the biodiversity conservation in urban environments

and the reduction of water pollution.



Figure 2. Enviromental Protection Index Score vs. 2022 PPP GDP
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Sources: Yale Center for Environmental Law and Policy, and the World Bank.

Notes: The EPI score is a data-driven summary of the state of sustainabilty based on 58 performance
indicators across 11 environmental issues including climate change mitigation, air quality, sanitation and
drinking water, heavy metals, solid waste, water resources, agriculture, fisheries, air pollution, forests, and
biodiversity and habitat (Block et al. 2024).

A number of reasons suggest public funds alone will be insufficient to close the biodi-
versity funding gap. Among them, one is the enormous scale of biodiversity conservation,
as highlighted earlier. A second one is that governments must attend to competing pri-
orities among which biodiversity would likely rank among the least urgent. The problem
is compounded by the political cycle which diverts policymakers’ attention from long-
term issues such as biodiversity and climate finance. Finally, most of the rich biodiversity
areas are located in developing countries with limited scope for spending resources in
biodiversity conservation. The benefits of biodiversity conservation, however, are shared
worldwide, which strongly supports the North-South mobilization of funds for that pur-
pose. However, the failure to mobilize funds to address climate change suggests serious
headwinds for global cooperation in biodiversity conservation and the associated fund
transfers (United Nations Framework Convention on Climate Change 2022). To bridge
this gap, there is a growing call for increasing private sector engagement, especially by
attracting institutional and high net worth investors interested in wealth preservation and

enhanced financial returns.2

Innovative financial instruments could help to scale up conservation projects by pro-

viding investors with the investment opportunities they are seeking for and fostering the

2. For instance, the ASEAN biodiversity plan calls for an annual mobilization of US$ 200 billion per
year, inciuding US$ 30 billion through private sector funding (ASEAN Centre for Biodiversity 2023).



creation of a new asset class.> One such instrument is the sustainability linked bond (SLBs)
(Erlandsson et al. 2024). The bond’s payoff, either coupons and/or principal repayment,
are contingent on whether certain sustainability indicators meet predefined targets or
objectives. The bond issuer, by taking certain actions and measures, can increase the
likelihood of achieving the objectives. The objectives are measured using key performance
indicators (KPI) which are verified by a third party not involved in the transaction. The
bonds, which generally follow the principles proposed by the ICMA (2024), have been
issued mainly by corporations aiming at net zero targets and could be instrumental in
achieving them (Murphy 2022). The advantages SLBs confer do not need to be confined
to corporate issuers though, as they could also help sovereign countries to achieve their
green targets by tapping into private funding sources, as Chile and Uruguay did in 2022
(Cheng, Ehlers, and Packer 2022, Padin-Dujon and Filewood 2023).

The rapid growth of the market of SLBs targeting net zero emissions suggests it is
promising to develop similar biodiversity-linked bonds (BLBs). Although net zero SLBs’
share in the global sustainable debt market remains small at 2 percent of the total market
volume, this market segment has almost doubled in 2023 (Chouhan, Harrison, and Sharma
2024). Some of the growth might have been driven by one attractive feature of these bonds:
they only require the issuer to improve its sustainabilty performance, and contrary to green
bonds, there are no limitations on the use of the bond’s proceeds.* Introducing SLBs linked
to biodiversity targets, such as habitat restoration or species protection, could leverage
this momentum and help bridge the biodiversity funding gap, addressing the concerns

expressed in Karolyi and Tobin-de la Puente (2023).5

Besides easier target monitoring, the flexible payment structure of a BLB, which
accommodates the needs of issuers and investors, could facilitate its widespread use in
biodiversity conservation. The payment structure of the 5-year Wildlife Conservation Fund
(a.k.a. Rhino Bond) issued by the World Bank in March 2022 illustrates this flexibility.
The cash flows from investing the bond principal are used to fund rhino conservation
efforts. The investor in the Rhino Bond will redeem its principal and receive a conservation
success payment contingent on the rhino population growth observed at the contract
maturity.To reduce risks to the investor, the contract is guaranteed by the World Bank
and the Global Environment Facility, which serves to reduce the risks to the investor
(World Bank 2022, Medina and Scales 2024).

This paper contributes to the literature on biodiversity financing by proposing a

3. Credit Suisse, World Wildlife Fund, and McKinsey Center for Business and Environment (2014) and
(Credit Suisse and McKinsey Center for Business and Environment 2016).

4. As any other financial instrument, SLBs are not perfect instruments. Their shortcomings are not
reviewed here but the interested reader is referred to Haq and Doumbia (2022) for a more extensive
discussion. Medina and Scales (2024), argue that using financial instruments for funding biodiversity may
give investors excessive influence on key decisions.

5. Notwithstanding the importance of privatee capital, they cannot be a substitute for effective public
policies (Flammer, Giroux, and Heal 2025). Equally important, as in green finance and ESG initiatives,
efforts should be made to reduce the risk of greenwashing (Maron, Martine et al. 2023).



benchmark valuation approach for BLBs. Since they constitute a special case of the more
general SLBs, the option pricing approach developed for the latter can be extended to
BLBs. The benchmark valuation approach, however, should be adapted to accommodate
two key characteristics of biodiversity assets that differentiate BLBs from other SLBs.
First, an ecosystem’s ability to support biodiversity — measured through metrics such
as an index, species count, or the population size of specific species — is limited by
the ecosystem’s carrying capacity, as basic life-sustaining resources are finite, and species
compete for them. Second, when biodiversity falls below a critical threshold known as the
Allee threshold, the ecosystem may lose its capacity for regeneration, leading to species

extinction.f

Additionally, the framework accounts for human activities — commonly
referred to as the ”economic program” (Fenichel and Abbott 2014) — which influence

biodiversity dynamics through their direct and indirect environmental impacts.

The core principle of the proposed valuation approach is the integration of existing
biological and ecological stochastic models of biodiversity growth into a standard option
pricing framework. This final component is necessary to capture the optionality embed-
ded in the payoff structure of BLBs. To illustrate the approach, several simple BLB
instruments — which can serve as building blocks for more complex structured notes —
are priced using realistic parameters derived from empirical studies. Hence, this paper
addresses the call for further research into nature financing, as urged by Karolyi and
Tobin-de la Puente (2023), while providing practitioners with a useful and implementable

framework for evaluating the risk-return profiles of BLBs.

The remainder of the paper proceeds as follows: section 2 reviews the relevant liter-
ature, laying the foundation for the subsequent analysis. Section 3 introduces the pricing
method, explaining its key features and underlying principles, and section 4 illustrates its
application with an example based on fisheries’ data. Finally, section 5 concludes with a

discussion of the broader implications and potential future directions for research.

2 Literature Review

SLBs have been issued using a variety of formats including plain vanilla SLBs, hybrid
SLBs, and convertible SLBs. The most common format, however, is the plain vanilla
SLB (Erlandsson et al. 2024). This instrument is a standard fixed income bond that pays
either fixed or floating rate coupons. The bonds are bundled with an option-like step-up or
step-down coupon structure. The step-up coupon structure becomes active, or in option
pricing parlance, becomes in-the-money (ITM) when a KPT or a set of KPIs fail to meet
pre-defined sustainability performance targets (SPTs) during the life of the bond. In the

case of a step-down coupon structure, it becomes ITM when the SPTs are met.

An option pricing framework is appropriate to value SLBs because of their option-

6. See Taylor and Weder (2023) for an analysis of extinction economics and case studies, and the less
technical overview in Taylor and Weder (2024).



like step coupon structure, as done in earlier studies.” Outside biodiversity, a unified
framework or benchmark model has yet to emerge due the complexity of modeling the
dynamics of the ESG-related key performance indicators (KPI). There are no universally
accepted standards or taxonomies for ESG metrics, which drives discrepancies in the
definition and measurement of ESG sustainability targets. Although useful voluntary
guidelines have been issued (ICMA 2024) they are subject to a wide interpretation. The
absence of ESG standardization and the high degree of subjectivity involved in their choice
and measurement is reflected in the ample dispersion of ESG ratings (Berg, Koelbel, and
Rigobon 2022) and raises concerns about greenwashing problems, which seems apparent
in the data (Du, Harford, and Shin 2024, Lam and Wurgler 2024).

Several additional factors further complicate establishing a benchmark option pricing
model for ESG-related SLBs. One is that many KPIs cannot be quantified explicitly.
For instance, they include discrete choice events such as the introduction of ESG-related
corporate governance principles, i.e. diversity representation in the board of directors.
A second factor is that the payment structure in several ESG SLBs depends on meeting
several KPIs targets. The valuation problem becomes a multi-asset option pricing problem
and requires modeling the comovements of the KPIs. This is not an easy task in the absence
of quality data on potentially ill-defined metrics (Mielnik and Erlandsson 2022). A third
factor is that ESG SLBs are typically issued by firms, and the default risk associated
with these issuers may not be negligible. The credit risk of the firm must be integrated
into the model since the firm’s default compromises its ability to meet both its financial

obligations, including the SLBs it has issued.

Despite these challenges, there is a growing literature on the use of option pricing to
value ESG-related SLBs. Among them, Mielnik and Erlandsson (2022) and Erlandsson et
al. (2024) are the studies closest to this paper’s approach. Both studies focus on SLBs with
a step-up coupon option. They note that this structure is equivalent to a traditional fixed
rate bond paying the normal coupon bundled with a binary option, the step-up coupon.
The latter is a binary option since it is in-the-money only when the issuer fails to meet
the ESG target. Mielnik and Erlandsson (2022) illustrate the option pricing approach
by valuing two corporate SLBs, one of them linked to an observable KPI, the emissions’
intensity relative to output produced, and the other linked to an unobservable, non-priced
KPI. In the latter case, a proxy KPI is used. Erlandsson et al. (2024) extend the analysis
of the previous study by examining numerous case studies, analyzing structures other than
plain vanilla SLBs, and evaluating the role of SLBs in fixed income portfolios. Section 3
in this paper extends and specializes their approach to BLBs, where the dynamics of the
sustainability indicators, which are constrained by the laws of nature, are incorporated

explicitly in the option pricing framework.

As in Mielnik and Erlandsson (2022), Feldhutter, Halskov, and Krebbers (2024) show,

7. See Erlandsson et al. 2024 and references therein.



within a default risk intensity model framework, that the price of SLB can be decomposed
into two components, : a "sustanium” bond without any option-linked cash flows and
option-linked cash flows associated with the ESG targets. They are able to extract the ESG
premium for a SLB after calibrating their model by extracting the bond issuer’s default
hazard rate from the prices of its ordinary (non-ESG) bonds; computing the sustanium, or
the risk premium investors are willing to pay for an option-free sustainability bond, from a
subset of SLBs without option-linked cash flows; and estimating the expected value of the
option-linked cash flows assuming that the observable KPIs follow a geometric Brownian
motion. Their results suggest that ESG SLBs are priced at slightly higher prices than
non-ESG bonds. They also find that among the firms in their data sample, targets are
easy to reach as the average probability of missing them was only from 14 percent to 39

percent.

The finding that many firms set low sustainability targets raises concerns about green-
washing as issuers may seek to benefit from lower yields without a serious commitment to
sustainability efforts (de Mariz et al. 2024, Erlandsson et al. 2024). However, simply set-
ting higher targets may not effectively mitigate greenwashing risk. The financial rewards
of issuing a SLB often outweigh the penalties incurred if targets are not met (Kolbel and
Lambillon 2023). Additionally, markets tend to reward issuers with lower yields as tar-
gets become more ambitious, a practice that may not be fully justified. Specifically, Chen,
Hinken, and Loffler (2024) argue that model-based fair price yields do not necessarily have
to increase as targets become more demanding. Consequently, market practices may grant
issuers of SLBs that set high and more unlikely targets a wider spread between the bond’s
yield and the penalty for missing the target, compared to issuers who set more realistic,

lower targets.

This section ends by highlighting that the payoff structure of a plain vanilla SLB
is similar to that of a social impact bond (SIB). The latter targets social goals such
as reducing recividism. In this case, the proceeds of the SIB, typically issued by local
governments, are used to achieve the social goal target. Coupons step-up if the target
is not met. Andrikopoulos and Tsekrekos (2024) suggest that SIBs could be valued as
real options since they are equivalent to a non-traded European put spread option on a
non-traded asset. If the non-traded assets is correlated with a traded asset, they suggest
pricing the SIB using the incomplete market option pricing framework of Davis (1999).
This approach, however, might not be feasible for BLBs and SLBs, as it is likely that

biodiversity and ESG correlated traded assets are not available.

3 Biodiversity-linked bonds: basic pricing framework and principles

BLBs are SLBs with biodiversity KPIs (population growth, biodiversity indicators, etc.)
whose dynamics are constrained by two key characteristics of an ecosystem, its carrying

capacity and the Allee effect. The first characteristic places an upper bound on the



biodiversity level of the ecosystem. The second characteristic implies that, below a certain
level, the ecosystem and its biodiversity become extinct. Pricing a BLB requires pricing the
step coupons using an option pricing framework in which the underlying, the KPI, follows
a stochastic process that can accommodate the ecosystem carrying capacity and the Allee
effect. Closed form solutions might not be available but numerical methods can be used
once the process is calibrated using parameters from empirical studies. After describing in
more detail what the carrying capacity and Allee effect are, this section describes several
benchmark stochastic processes useful for pricing BLBs. Numerical methods are then used
to price simple BLB contracts linked to the population dynamics of the Pacific halibut
using the parameters estimated by Hanson and Ryan (1998) and reported in Braumann
(2019).

3.1 Carrying capacity and Allee effect

Most biodiversity performance indicators are inherently limited by the ecological concept
of carrying capacity, which refers to the maximum number of individuals, species, or func-
tions that an ecosystem can sustainably support. This capacity is influenced by various
factors, including resource availability, habitat size, environmental conditions, and species
interactions. As ecosystems reach their carrying capacity, any further increase in popula-
tion can lead to competition for resources, habitat degradation, and ultimately, a decline

in biodiversity.

Equally important, any pricing model should account for the Allee effect. When
biodiversity falls below a critical threshold, the Allee threshold, the ecosystem may struggle
to recover and may collapse over time (Allee 1931). The Allee effect occurs because at
very low biodiversity levels, the resilience of the ecosystem is reduced and its ability
to withstand environmental stresses and maintain essential functions is fatally impaired.
As a result, instead of stabilizing or recovering, the ecosystem biodiversity deteriorates

continuously until the ecosystem is destroyed.

In ecosystems, the carrying capacity and the Allee effect impose limitations on the
types of stochastic processes that should be used when pricing the contingent payment
structures embedded in BLLBs. Stochastic processes that allow carrying capacity and the
Allee effect to influence the biodiversity dynamics include the stochastic logistic growth
model (Levins 1969,Capocelli and Ricciardi 1974) extended to include the Allee effect (
Jiang, Shi, and Zhao 2005, Krstic and Jovanovic 2010 and Carlos and Braumann 2017),
its generalized version (Saha et al. 2013, Sau, Saha, and Bhattacharya 2020), and the
stochastic Gompertz growth model with Allee effect (Amarti et al. 2018). For pricing
BLBs, it is convenient to use numerical methods, especially if the stochastic growth models
are augmented by a human utilization term. Exact solutions, however, are available for
some special cases (Skiadas 2010, Brites 2017)



3.2 Stochastic growth models with carrying capacity and Allee effects

There are several stochastic processes that can accommodate the carrying capacity and

Allee effects. The most widely used is the stochastic logistic growth model with

Allee effects. In this model, the rate of change at time ¢, dX, of the biodiversity stock,

X, for any period t € [0, T}], follows the stochastic differential equation (SDE) below:
Xi

dX; = (T‘Xt (1 — K) ()g — 1) — (9Xt> dt + o X dWy, t e [O,Tf], (1)

where 7 is the intrinsic growth rate of the population (or biodiversity indicator) which
would be observed in the absence of carrying capacity and Allee effects and random shocks,
and o is the diffusion coefficient that magnifies the random shocks, which are modeled as

a W; a standard Wiener process.

The drift coefficient in equation (1) is equal to the product of the instantaneous growth
rate, r, the capacity carrying term, (1 — X;/K), and the Allee effect term, (X;/E — 1) net
of the reduction in biodiversity due to human action, #.X;, which is assumed has a negative
linear effect on the biodiversity stock. When framed within the context of biodiversity
conservation, human action can be mitigated or reduced to bolster the growth rate of
the population. The capacity carrying threshold, K, is the level above which the rate of
change of the biodiversity stock becomes negative as the ecosystem is unable to generate
the needed resources to sustain positive biodiversity growth. The Allee threshold, F, is
the level below which the biodiversity stock becomes too small to be able to regenerate
itself. Once the threshold is crossed from above, growth becomes negative and leads to the
demise of the ecosystem and its biodiversity. The introduction of the Allee effect forces the
growth rate to be asymmetric on both sides of the midpoint X = K/2, in sharp contrast

to its counterpart without Allee effect.

In the generalized logistic growth process with Allee effects the SDE deter-

mining the growth rate of the biodiversity stock is:

XA\ /X
dX, = <7~Xt (1 - (Kt> ) (Et - 1) - HXt> dt + o X, dWy, t € [0,Ty], (2)
where the parameter a > 0 allows it to model a broader range of growth behavior compared
to the standard stochastic logistic growth model. When a = 1, the model reduces to its
standard version. When a > 1, the growth curve has a sharper transition to the carrying
capacity threshold. If a < 1, the transition is more gradual. All the other parameters are

the same as in the standard logistic growth model of equation (1).

8. See Oksendal (2013) for a comprehensive treatment of stochastic differential equations and Braumann
(2019) for applications in biology.



In ecosystems where biodiversity first experiences an initial slow growth phase and
exponential decay in the growth rate afterwards, the preferred model is the stochastic
Gompertz growth model with Allee effect. Its SDE is:

K X,
dX; = (rXt log <X> log <Et> — GXt) dt + o X dWy, te|0,Ty], (3)
t

where all the parameters are defined as in equation (1).

To compare different the embedded optionality of SLBs, it is convenient to express
time as a fraction of the length of the time horizon, i.e. 7 = t/T}, and the biodiversity
stock and Allee threshold as fractions of the carrying capacity, V; = X;/K and Fx = E/K
respectively. The normalization rescales the time horizon to [0, 1] and the carrying capacity
to 1. Equation (1) is now equivalent to the normalized stochastic logistic growth model
with Allee effect:

Y,

Ay, = <T*YT (1-Y5) (E - 1) - "*YT> dr +0"YrdWy, 7 €0,1], (4)

K
where r* = rTy, 0* = Ty and 0* = 0,/Ty. Equation (1) does not have a closed form so-
lution but given the parameters (r*, 60,0, Fi ), or the original set of parameters necessary
to derive them, (1,0, K, E,0,Ty), it can be solved numerically (Kloeden and Platen 1999).
Note also that the numerical solutions of either equation (1) or equation (2) yields the
physical or real world probabilities that the value of the biodiversity stock (or indicator)
exceeds or falls short of reaching a certain pre-specified value. Similarly, the normalized

SDE of the generalized logistic growth model with Allee effect is:

Y-
dY, = <’I“*Y7- (1-Y9) <E — 1> - G*YT> dr +o*YdW., 7 €]0,1], (5)
K

and the normalized SDE of the stochastic Gompertz growth model with Allee effect is:

Y,
a2y, — <_T*YT log (Y2) log (E) _ 9*1@) dr + " YVodWs, 7€ 0,1]. (6)
k

Equations (1) to (3) and their normalized forms are specific examples of SDEs that
account for both carrying capacity and Allee effects. Alternative functional forms can also
be applied, as highlighted in the references discussed in the literature review. What mat-
ters the most is that the choice of the functional form should align with the characteristics

of the biodiversity data.

3.3 Computation of the BLB’s premium

Computing the BLB premium is contract specific, as it requires specifying the BLB’s cash

flows, the risk aversion of the investor, and whether the issuer might default or not. More

10



likely than not, the pricing of the BLB and the computation of its premium requires using
numerical methods, as in the binary BLB coupon option example analzyed later in the
paper. However, there are some basic principles for setting up the option framework that

apply to all contracts, mainly due to the existence of the Allee effect.

Like any other SLB, the BLB is a standard bond combined with an additional option-
like coupon. To value this option-like coupon, the analysis assumes that the dynamics of
the biodiversity KPI (BKPI) follow the stochastic processes described earlier, with better
outcomes reflected in higher BKPI values. The coupon can be structured as either a
step-down or step-up option. These step coupon payoffs are path-dependent, contingent
on the BKPI’s performance over the lifetime of the BLB. Payoffs may be delivered at
expiration (European-style) or triggered immediately when the BKPI reaches the step
coupon threshold (American-style). Real-world examples suggest that issuers and investors

often prefer American-style step coupons (Erlandsson et al. 2024).

In the case of a step-down, the issuer benefits from reduced coupon payments once
the BKPI reaches pre-specified biodiversity performance target (BPT). This assumes that
the initial value of the BKPI at contract inception is lower than the BPT. The BKPI
performance could be monitored continuously or at discrete times throughout the life of
the BSLB. More complex payoffs are also possible. For example, the coupon reduction
could be contingent on the BKPI remaining at or above the BPT for the remainder of the
BLB’s life after first reaching it. Alternatively, the coupon reduction could be proportional
to the fraction of the BLB’s life during which the BKPI stays at or above the BPT.

The presence of the Allee effect makes step-down coupon structures resemble down-
and-out barrier options. When the BKPI reaches or falls below the Allee threshold for
the first time, the likelihood of ecosystem collapse significantly increases. At this point,
the step-down coupon becomes worthless, regardless of whether the option is European
or American style. This assumes that investors treat hitting the Allee threshold as a
failure event. However, given the stochastic nature of BKPI dynamics, there remains a
possibility that a series of positive shocks could enable the BKPI to recover and rise above
the threshold.

When the bundled option is a step-up coupon, the issuer of the BLB benefits from
a lower coupon rate compared to a similar standard bond without the step-up feature.
Assuming the initial value of the BKPI is lower than the BPT, the step-up coupon is
activated the first time that the BKPI fails to reach the BPT after an initial grace period
under continuous monitoring. As an alternative, several discrete observation times could
be agreed at contract inception time, with the step-up coupon triggered at the first instance
of the observation time when the BKPI fails to reach the BPT. If the value of the BKPI
at the contract’s inception is above the BPT, the step-up coupon is triggered the moment
the BKPI falls below the BPT, either immediately under continuous monitoring, or at the

first observation time when this event occurs under monitoring only at discrete times. It
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is worth noting that the Allee effects adds a down-and-in feature to the step-up coupon
regardless of the initial BKPI value or whether the option is European-style or American
style. Once the BKPI reaches the Allee threshold, the coupon is triggered.

4 A binary BLB step-down coupon option example

Let’s consider a BLB that pays a single coupon C' at maturity and includes a step-down
coupon option, or a binary BLB coupon option. Assume the investor is risk-neutral, and
the issuer is default risk-free. A standard bond without the step-down coupon would pay a
coupon equal to the cumulative risk-free rate earned over the bond’s life. Because of risk-
neutrality, the risk-free rate should also be the expected return the investor receives from
the BLB. Therefore, the bond should be issued with a higher maturity coupon, Cj, since
there is a positive probability that the step-down option is triggered, thereby reducing
the coupon paid at maturity. Suppose that the step-down coupon is a fraction, J, of the
cumulative risk-free rate, Ry, and that the probability that the BKPI hits the BPT, the
in-the-money probability, is P. The initial value of the coupon, Cj should satisfy:

Co=1+6P)Rf >Ry, 0<P<L. (7)

In equation (7), the discount rate is the risk-free rate since, with certainty, the issuer will
not default. If default is a non-negligible event, it would be enough to replace R; with
the risky discount rate, R,, which accounts for the issuer’s default risk. When P = 0,
the step-down coupon will not be triggered at all and the initial coupon should be set
equal to the risk-free rate, due to our assumption that the investor is risk-neutral. When
P =1, the coupon should be set equal to the sum of the risk-free rate and the step-down
coupon, since it will always be trigerred. In both cases, the issuer will pay the risk-free
rate. The probability, P, can be calculated using Monte Carlo simulation of the SDE
governing the dynamics of the BKPI. In contrast to financial options, which are priced
assuming a risk-neutral probability measure, the simulation of the SDEs equations using

any of the equations from (1) to (6) yields physical, i.e. real world probabilities.

To price the BLB coupon option, the BKPI, X, is set equal to the stock of the Pacific
Halibut, which is assumed to evolve according to equation (1). Two of the parameters
are obtained from Hanson and Ryan (1998), the instanenous rate r = 0.71/year, and the
carrying capacity K = 8.05 x 10* tonnes. The intrinsic volatility parameter o = 0.2/ y/year
is obtained from Braumann (2019). For the other parameters, I assume the following
default values: an Allee threshold, F = 0.15K; an initial value of the BKPI, Xy = 0.3K;;
a utilization rate, 8 = 0.5r; and a BPT, BPT = 0.5K. The time period for the simulation
is set to Ty = 50 years. The Monte Carlo simulation is performed using equation (4),
the normalized version of equation (1). It consists of 10,000 replications and a 1000 point
discretization of the time interval [0,1]. The discrete approximation of the SDE uses

the Milstein method, which tends to produce better results when the diffusion coefficient
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depends on the state variable Y; (Kloeden and Platen 1999). Due to the normalization,
in the simulation results the Allee threshold and the BPT are now expressed as a fraction

of K, and the times are expressed as a fraction of T7.

Figure 3 shows the ITM probability of the step-down option being triggered in the
BLB coupon bond for several combinations of the Allee threshold and the BPT while keep-
ing all the other parameter values fixed at their default values. For a given Allee threshold
value, the I'TM probability remains mostly unchanged when the BPTs are increased from
40 percent to 80 percent of the carrying capacity. For the default value of 0.15, the ITM
probabilty fluctuates between 0.84 to 0.85, depending on the BPT.

Figure 3. In-the-money (ITM) probability, BLB step-down coupon:
biodiversity performance target sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the in-the-money (ITM) probability, or the probability that the step-down coupon
will be triggered for different combinations of the Allee threshold and the biodiversity performance target
(BPT), each reported as a fraction of the carrying capacity of the Pacific Halibut ecosystem. The Monte
Carlo simulation assumes fixed values of * = r x Ty = 35.5, 0" = r X /Ty = 14, 0" = 0 x Ty =
17.75, Yo = 0.30, and 10000 replications of equation (4) using the Milstein solution scheme with a 1000
point discretization of the time interval [0, 1].

Probabilities start declining rapidly as the Allee threshold increases. For instance, when
the Allee threshold increases to 20 percent of the carrying capacity from the default value
of 15 percent, the I'TM probability falls sharply to around 12 percent, as the initial buffer
of 15 percent, which is the surpluses of the initial value of the Halibut stock over the Allee
threshold, falls to 10 percent. On the other hand, at lower levels of the Allee threshold,
the probability of triggering the step-down coupon converges to 1 as a wider buffer offsets
the variability of the Halibut stock.

When the ITM probabilities are substituted into equation (7), they generate the
initial coupon values for various step-up coupons, ranging from 10 percent to 50 percent
of the risk-free rate, Ry (Figure 4). The shape of the initial coupon value curves closely
mirrors that of the ITM probability curves. As the ITM probabilities,the coupon values

show limited sensitivity to changes in the BPT. Under the default parameter settings,
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the initial coupon value is expected to be 9 percent above R for a step-up coupon of 10
percent of Ry, increasing to 40 percent for a step-up coupon of 50 percent of Ry. As the
Allee threshold increases, it becomes more likely that the step-down coupon will not be
exercised, which drives the initial coupon to converge to the risk-free interest rate. For
smaller Allee thresholds, the coupon converges to the step-down coupon since it will be

exercised almost certainly.

The ITM probability exhibits high sensitivity to the species’ growth rate, in a sharp
contrast to its sensitivity to the BPT. Figure 5 shows the I'TM probability corresponding
to different values of the growth rate, which is allowed to vary from 0.57* to 1.5r*, where
r* = 35.5 is the default growth rate of the Halibut populaton. As expected, for any
given Allee threshold the ITM probability increases with the growth rate. Differences in
growth rate lead to a wide difference in I'TM probabilities for Allee threshold values in the
[0.15,0.20] range. For instance, at the default Allee threshold of 0.15 the ITM probability
increases to 0.99 from 0.84 when the growth rate is 50 percent higher than the default
value. Were the growth rate to fall by 25 percent to 0.75r*, the ITM probability would
decline to 0.48, almost half of the default value.

Similarly, human utilization of the natural resource have as large an impact on the
IMT probability as the intrinsic growth rate (Figure 6). This is expected, as higher
utilization rates reduce the drift rate governing the rate of change of the biodiversity
indicator, making more difficult to reach the BPT and making more likely to hit the Allee
threshold. Since the numerical analysis is based on the simulation of equation (4), a faster
growth rate leads to a higher biodiversity level, Y, which in turn, drives up the overall

volatility of the growth process due to the diffusion coefficient, c*Y.

Increased volatility does not necessarily impair the ability of the biodiversity indicator
to reach the BPT successfully due to the embedded optionality of the step-down coupon,
as depicted in Figure 7. At low Allee threshold values, the initial size of the halibut
population creates a substantial buffer above the extinction level. However, if volatility
is high, negative shocks large enough to drive the ecosystem below the Allee threshold
become more likely, which drives the ITM probability down while large positive shocks

only have a limited impact due to the subs-
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Figure 4. Initial coupon value, BLB step-down coupon:
biodiversity performance target sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the initial value of the terminal coupon of the BLB for different combinations
of the Allee threshold and the biodiversity performance target (BPT), each reported as a fraction of the
carrying capacity of the Pacific Halibut ecosystem. The Monte Carlo simulation assumes fixed values of
" =71 x Ty =355 0" =rx/Ty =14, 0" =0 x Ty = 17.75, Yo = 0.30, and 10000 replications of
equation (4) using the Milstein solution scheme with a 1000 point discretization of the time interval [0, 1].

Figure 5. In-the-money (ITM) probability, BLB step-down coupon:
growth rate sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the in-the-money (ITM) probability, or the probability that the step-down coupon
will be triggered for different combinations of the Allee threshold and the instantaneous growth rate,
the latter reported as a multiple of r* = 35.5. The Monte Carlo simulation assumes fixed values of
K =1, BTP =05, 0" =7 x /Ty = 1.4, 0" = 0 x Ty = 17.75, Yo = 0.30, and 10000 replications of
equation (4) using the Milstein solution scheme with a 1000 point discretization of the time interval [0, 1].
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Figure 6. In-the-money (ITM) probability, BLB step-down coupon:
utilization rate sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the in-the-money (ITM) probability, or the probability that the step-down coupon
will be triggered for different combinations of the Allee threshold and the utilization rate, the latter reported
as a multiple of §* = 17.75. The Monte Carlo simulation assumes fixed values of K =1, BTP = 0.5, r* =
rx Ty =355 c"=rx \/ij = 1.4, Yo =0.30, and 10000 replications of equation (4) using the Milstein
solution scheme with a 1000 point discretization of the time interval [0, 1].

Figure 7. In-the-money (ITM) probability, BLB step-down coupon:
volatility sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the in-the-money (ITM) probability, or the probability that the step-down coupon
will be triggered for different combinations of the Allee threshold and the volatilty parameter, the former
reported as a multiple ofthe carrying capacity K, and the latter reported as a multiple of o* = 1.4. The
Monte Carlo simulation assumes fixed values of K =1, BTP = 0.5, v* =r x Ty =35.5, " =0 x Ty =
17.75, Yo = 0.30, and 10000 replications of equation (4) using the Milstein solution scheme with a 1000
point discretization of the time interval [0, 1].
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tantial buffer. As the Allee threshold rises, the population dynamics changes as large
positive shocks now counterbalance the small initial buffer, driving the population further
from extinction and increasing the likelihood of triggering the step-down coupon. Thus,
the ITM probability rises with volatility. These outcomes align with option pricing theory:
a BLB where the population starts just above the extinction level behaves like a far out-
of-the-money option, which benefits from heightened volatility (Black and Scholes 1973;
Merton 1973).

The initial value of the biodiversity indicator, the size of the population, buffers the
species against the risk of extinction. Higher initial values correspond to higher buffers
and make more likely that the step-down coupon will be exercised (Figure 8). For the
default Allee threshold, which is 30 percent of the carrying capacity, the ITM probability
is 84 percent. Increasing the initial stock value to just 40 percent of the carrying capacity
ensures that the step-down coupon will be exercised with certainty over the life of the
BLB contract.

Figure 8. In-the-money (ITM) probability, BLB step-down coupon:
sensitivity to the initial population size
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the in-the-money (ITM) probability, or the probability that the step-down coupon
will be triggered for different combinations of the Allee threshold and the initial population size, both
reported as a multiple of the carrying capaicty K. The Monte Carlo simulation assumes fixed values of
K=1, BTP=0.5,r"=rxT; =355, " =0xTy =17.75, c* = 1.4, Yo = 0.30, and 10000 replications
of equation (4) using the Milstein solution scheme with a 1000 point discretization of the time interval
[0, 1].

From the numerical results, we can infer that there are four parameters that signif-
icantly influence the success of a BLB, which is to maximize the probability of reaching
the BPT. They are the growth rate of the population (or biodiversity indicator) and its
volatility, the utilization rate, and the size of the initial population. These parameters,
which are linked to the ecosystem health and biodiversity outcomes, can be partially reg-
ulated by human intervention. Among them, the utilization rate can be rapidly adjusted,

which could have a positive feedback on the growth rate of the population.

17



The numerical example assumes that the BLB step-down coupon option will mature
in 50 years, i.e. Ty = 50. Even in the case that a liquid market for long-term BLBs
exists, mirroring the market for long-term government bonds in Germany, Japan, and
the United States, it might be worth evaluating the possibility of issuing BLBs with
shorter maturities. This evaluation requires calculating the first passage time (FPT) of
the biodiversity indicator under different assumptions. Given a stochastic process, the
first passage time is the random variable the measures the time the process takes to reach
a specified level for the first time. In this case, the stochastic process governing the
behavior of the biodiversity indicator is characterized by equation 4 and the biodiversity

performance target corresponds to the specified level.

Figure 9 displays the distribution of the FPTs for different BPT values, where the
distributions are estimated using a gaussian kernel density and the BPT values are ex-
pressed as multiples of the carrying capacity, K. The BPT value affects the location and
shape of the FPT distributions, in sharp contrast with the ITM probabilities, which are
barely affected, as depicted in (3) above. As the BPT increases, the mode (peak) of the
density distributions shift to the right since, as expected, it takes longer to reach the BPT
for any given biodiversity initial value. Since higher BPTs drive up the duration of the
FTP, the likelihood that shocks affect the biodiversity indicator increases, leading to a
wider dispersion of the FPT distribution.

Table 1 presents the summary statistics for the FPT distributions across different BPT
values. The three location measures (mean, median, and mode) along with the distribution
quantiles (minimum, maximum, and the first and third quartiles) indicate that the FPT
distribution shifts rightward as the BPT value increases. The second moment, represented
by the standard deviation, remains relatively unaffected by changes in the BPT. However,
for all BPT values, the FPT distributions are right-skewed and leptokurtic due to heavier
tails on the distribution’s right side, but the skewness and leptokurtosis diminish as the

BPT value increases.

Figure 10 and Table 2 examine how variations in the Allee threshold affect the FPT.
The results indicate that higher Allee thresholds correspond to longer FPTs. This is
evident in the figure, where lower thresholds lead to faster FPTs, while higher thresholds
cause the distributions to become more spread out, indicating a delay in reaching the

biodiversity performance target. Recall from equation (4) that the drift rate is inversely

proportional to the Allee threshold value due to the factor ( g;{ —1). Low threshold values

lead to higher drift values, contributing to faster FPTs.

The summary statistics in Table 2 reinforce these findings. As the Allee threshold
increases, the mean, median, and mode of the FPT all rise, signifying that populations take
longer to reach the performance target at higher thresholds. The standard deviation also

grows with the threshold, showing that the timing becomes more variable. This reflects
the longer FPTs, which increase the likelihood that the biodiversity indicator is affected
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Figure 9. First passage time, BLB step-down coupon:
biodiversity performance target sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the gaussian kernel density of the first passage time (FPT), which is defined as
the first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance
target (BPT) for different values of the BPT. The FPT is reported as a fraction of the time period 7.
The densities are calculated using Monte Carlo Simulation with 10000 replications of equation (4) using
the Milstein solution scheme with a 1000 point discretization of the time interval [0, 1], and assuming that
K=1,E=015 1" =rxT; =355, 0" =7 x /Ty =14, 0" =0 x Ty = 17.75, Yo = 0.30.

by shocks. Additionally, higher

Table 1. First passage time, BLB step-down coupon:
biodiversity performance target sensitivity, summary statistics

first third std. .
quartile  quartile max skewness kurtosis

dev.
0.4 0.027 0.021 0.013 0.003 0.013 0.034 0.216 0.022 2.350 11.453
0.5 0.040 0.034 0.024 0.008 0.024 0.049  0.229 0.024 1.840 8.036
0.6 0.048 0.042 0.034 0.011 0.032 0.057  0.213 0.025 2.027 9.359
0.7 0.0565 0.049 0.041 0.014 0.038 0.066  0.228 0.026 1.760 7.865
0.8 0.062 0.057 0.048 0.014 0.045 0.074  0.232 0.026 1.682 7.588

BPT mean median mode 1min

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The table presents the summary statistics of the first passage time (FPT), which is defined as the
first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target
(BPT) for different values of the BPT. The FPT is reported as a fraction of the time period Ty, and the
statistics are calculated using Monte Carlo Simulation with 10000 replications of equation (4) using the
Milstein solution scheme with a 1000 point discretization of the time interval [0,1], and assuming that
K=1,r"=rxT; =355 0" =rx/Tf =14, 0" =0 x Ty = 17.75, Yy = 0.30.
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Figure 10. First passage time, BLB step-down coupon:
Allee threshold sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the density of the first passage time (FPT), which is defined as the first time
the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target (BPT) for
different Allee threshold values expressed as multiples of the carrying capacity. The FPT is reported as
a fraction of the time period Ty. The densities are calculated using Monte Carlo Simulation with 10000
replications of equation (4) using the Milstein solution scheme with a 1000 point discretization of the time
interval [0, 1], and assuming that K =1, BPT = 0.5, v* = r x Ty =355, 0" =r x /Ty =14, 0" =
0 x Tf = 17.75, Yo = 0.30.

Table 2. First passage time, BLB step-down coupon:
Allee threshold sensitivity, summary statistics

Allee . . first third std. .
mean median mode min max skewness  kurtosis
threshold

quartile quartile dev.
0.100 K 0.013 0.013 0.012 0.004 0.010 0.015  0.042 0.004 1.276 6.195
0.125 K 0.023 0.021 0.018 0.006 0.016 0.027  0.133 0.011 2.582 15.455
0.150 K 0.040 0.034 0.024 0.008 0.024 0.049  0.229 0.024 1.840 8.036
0.175 K 0.053  0.045 0.032 0.011  0.030 0.067  0.287 0.031 1.816 8.700
0.200 K 0.057 0.048 0.040 0.011 0.034 0.073  0.232 0.035 1.612 6.549

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The table presents the summary statistics of the first passage time (FPT), which is defined as the
first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target
(BPT) for different values of the Allee threshold. The FPT is reported as a fraction of the time period
T, and the statistics are calculated using Monte Carlo Simulation with 10000 replications of equation (4)
using the Milstein solution scheme with a 1000 point discretization of the time interval [0, 1], and assuming
that K =1, BPT =0.5, 7" =r xTf =35.5, 0" =17 x /Ty =14, " =0 x Ty =17.75, Yy = 0.30.
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skewness and kurtosis values suggest a greater rightward shift in the distributions for higher
thresholds, with longer right tails and flatter peaks. In essence, a higher Allee threshold

not only prolongs the time to reach the target but also introduces greater uncertainty.

Turning to intrinsic growth rate sensitivity, Figure 11 shows a contrasting dynamic
vis-a-vis the Allee threshold. As the intrinsic growth rate increases, the FPT becomes
shorter and more concentrated around earlier times. Higher growth rates, lead to sharper
density peaks, indicating that the biodiversity indicator is more likely to meet the BPT
quickly. Lower growth rates, on the other hand, result in more spread-out distributions,
similar to the effect of a higher Allee threshold, but for different reasons. The faster
intrinsic growth rates effectively reduce the time needed for the population to reach the

target.

Table 3 summarizes the statistics for the intrinsic growth rate sensitivity. It shows
a clear trend of decreasing mean, median, and mode as the growth rate increases, along
with reduced standard deviations. This means that populations with higher intrinsic
growth rates not only reach the performance target faster but do so with less variability
in timing. Unlike the Allee threshold, where increasing values slow down the process
and add uncertainty, a higher intrinsic growth rate accelerates the process and makes the
timing more predictable. Together, the analyses highlight the opposing effects of the Allee
threshold and intrinsic growth rate on the first passage time, with the former delaying and

the latter speeding up the achievement of biodiversity goals.

Lower utilization rates lead to a faster rate of change of the biodiversity indicators, as
reflected in the drift rates in any of the SDEs (1) to (6). Hence, the densities are similar
to those of other factors that have a similar effect on the drift rate, such as the Allee
threshold (lower thresholds, shorter FPTs) and the intrinsic growth rate (higher rates,
shorter FPTs), exhibiting higher and narrower peaks compared with the more spread-out
densities corresponding to high utilization rates. This pattern is further supported by
the summary statistics reported in Table 4, which show increasing means, medians, and
standard deviations as the utilization rate increases. The shape characteristics of these
densities provide additional insights into the nature of the FPT across different utilization

rates.

All densities exhibit positive skewness, indicating a tendency for longer tails on the
right side, which represents occasional instances of significantly delayed first passage times.
However, this skewness decreases with higher utilization rates, as does the kurtosis, sug-
gesting that higher rates not only extend the average time to reach the performance target
but also make the occurrence of long FPTs more common. Since the utilization rate is
under direct human control, this could have important implications for biodiversity con-
servation strategies, as it suggests that higher utilization rates not only slow down recovery
or growth on average but also make the process less predictable, potentially complicating

ecological management and policy decisions.
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Figure 11. First passage time, BLB step-down coupon:
intrinsic growth rate sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the density of the first passage time (FPT), which is defined as the first time
the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target (BPT)
for different intrinsic growth rate values. The FPT is reported as a fraction of the time period Ty. The
densities are calculated using Monte Carlo Simulation with 10000 replications of equation (4) using the
Milstein solution scheme with a 1000 point discretization of the time interval [0,1], and assuming that
K=1, BPT =05, r"=rxT; =355, 0"=rx /Ty =14, 0" =0 x Ty =17.75, Yo = 0.30.

Table 3. First passage time, BLB step-down coupon:
intrinsic growth rate sensitivity, summary statistics

intrinsic first third std
growth ~mean median mode min . . max " skewness kurtosis
rate quartile quartile dev.

0.50 r* 0.065 0.057  0.048 0.013  0.040 0.079  0.233 0.036 1.441 5.492
0.75r* 0.057 0.049 0.033 0.009 0.032 0.074  0.250 0.035 1.450 5.769
1.00 »* 0.040 0.033  0.025 0.008  0.023 0.048  0.274 0.025 2.423 13.441
1.25r*  0.027 0.023 0.019 0.006 0.017 0.031  0.178 0.014 2.228 11.713
1.50 »* 0.019 0.017  0.015 0.006  0.013 0.022  0.111 0.009 2.740 17.464

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The table presents the summary statistics of the first passage time (FPT), which is defined as the
first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target
(BPT) for different values of the intrinsic growth rate. The FPT is reported as a fraction of the time period
T, and the statistics are calculated using Monte Carlo Simulation with 10000 replications of equation (4)
using the Milstein solution scheme with a 1000 point discretization of the time interval [0, 1], and assuming
that K =1, BPT =05, E=0.15, r* =7 x Ty =355, 0" =7 x \/Tf =14, 0" =0 x Ty = 17.75, Y =
0.30.
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Figure 12. First passage time, BLB step-down coupon:
utilization rate sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the density of the first passage time (FPT), which is defined as the first time
the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target (BPT)
for different utilization rate values. The FPT is reported as a fraction of the time period 7. The
densities are calculated using Monte Carlo Simulation with 10000 replications of equation (4) using the
Milstein solution scheme with a 1000 point discretization of the time interval [0,1], and assuming that
K=1, BPT =05, r"=rxT; =355, 0"=rx /Ty =14, 0" =0 x Ty =17.75, Yo = 0.30.

Table 4. First passage time, BLB step-down coupon:
utilization rate sensitivity, summary statistics

utilization . . first third std.
mean median mode min . . max
rate quartile quartile dev.

0.3 0% 0.028  0.024  0.019 0.006 0.018 0.033  0.175 0.016 2.663 15.313
0.4 0% 0.033  0.028 0.022 0.007  0.021 0.040  0.221  0.020 2.437 13.516
0.5 6* 0.040  0.034  0.025 0.007  0.024 0.049  0.237 0.023 1.942 9.152
0.6 0% 0.045 0.038  0.028 0.008  0.027 0.058  0.239 0.027 1.679 7.501
0.7 6* 0.049  0.042 0.032 0.008  0.030 0.061 0.264 0.028 1.872 9.535

skewness  kurtosis

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The table presents the summary statistics of the first passage time (FPT), which is defined as the
first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target
(BPT) for different values of the utilization rate as a multiple of *. The FPT is reported as a fraction of
the time period T}, and the statistics are calculated using Monte Carlo Simulation with 10000 replications
of equation (4) using the Milstein solution scheme with a 1000 point discretization of the time interval
[0,1], and assuming that K =1, BPT =0.5, E=0.15, r* =r x Ty =355, 6" =r x /Ty = 1.4, 0" =
0 x Tf = 17.75, Yo = 0.30.
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Building upon the previous analysis of utilization rate sensitivity, the analysis turns
now to the effects of the intrinsic volatility and the initial population size on the FPT.
Figure 13 and Table 5 illustrates the impact of the intrinsic volatility on the FPT. In-
terestingly, unlike with utilization rates, increasing volatility does not uniformly increase
the mean FPT. The highest mean FPT occurs at moderate volatility levels, while both
lower and higher volatilities result in slightly lower mean FPTs. This suggests a non-linear
relationship between the intrinsic volatility and the FPT. However, higher volatility levels
do lead to increased standard deviation, indicating greater uncertainty in outcomes. The
density plots show that lower volatility results in a more peaked distribution, while higher
volatilities lead to flatter, more spread-out distributions. This is further reflected in the
decreasing kurtosis values as volatility increases, dropping from 21.441 at 0.50 o* to 8.125
at 1.50 o*.

Figure 14 and Table 6 reveal the sensitivity of FPT to the initial population size, Yj.
There is a clear inverse relationship between the initial population size and FPT as the gap
with the BPT is wider the lower the population size is. This pattern is visually evident in
the figure, where the density distributions for higher initial values are concentrated closer
to zero on the x-axis. The standard deviation also decreases with higher initial values,
indicating more consistent outcomes. However, the skewness increases with higher initial
values, suggesting that while FPTs are generally shorter, there’s a higher probability of

occasional extreme values relative to the mean.

These findings paint a complex picture of how various factors influence the time it
takes for a biodiversity indicator to reach or exceed a performance target. The non-
linear effect of volatility suggests that moderate levels of environmental variability might
actually delay recovery or growth more than extreme volatility. Meanwhile, the strong
influence of initial population size highlights the importance of preserving biodiversity, as
populations starting closer to their target levels are much more likely to reach performance
goals quickly. These insights could be valuable for conservation strategies, suggesting that
efforts to stabilize environments at moderate levels and maintain population sizes above
critical thresholds could be more effective than focusing solely on minimizing volatility or

maximizing population sizes.

From a contract design perspective, the results suggest that despite the long horizons
biodiversity entails, such as 50 years in this numerical example, it is feasible to design con-
tracts with maturities well below the biodiversity horizon regardless of the selected BPT.
For none of the BPT values considered, the FPT exceeds one quarter of the biodiversity
horizon, which amounts to 12% years. A short duration contract does not imply that the
risk of the contract ending out-of-the money, i.e. the biodiversity indicator never reaches
the BPT, is negligible. The results shown in Figure 9 and Table 1 correspond to those
replications in the Monte Carlo simulation that reached the BPT. The probability that

the ecosystem fails, keeping the default parameter values fixed, is 16 percent.
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Figure 13. First passage time, BLB step-down coupon:

volatility sensitivity
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Sources: Hanson and Ryan (1998), Braumann (2019), and the author.
Notes: The figure shows the density of the first passage time (FPT), which is defined as the first time
the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target (BPT)
for different volatility values. The FPT is reported as a fraction of the time period Ty. The densities are
calculated using Monte Carlo Simulation with 10000 replications of equation (4) using the Milstein solution
scheme with a 1000 point discretization of the time interval [0,1], and assuming that K = 1, BPT =

0.5, 7" =r x Tf =355, 0* =1 x /Ty = 1.4, 0* = 0 x Tf = 17.75, Y = 0.30.

Table 5. First passage time, BLB step-down coupon:

intrinsic volatility sensitivity, summary statistics

0.50 o*
0.75 o*
1.00 o*
1.25 0"
1.50 o*

intrinsic

first

third

std.

volatility mean median mode min quartile  quartile max dev. skewness  kurtosis
0.50 o 0.040 0.037 0.032 0.013 0.030 0.046 0.247 0.016 2.961 21.441
0.75 o  0.041 0.035 0.030 0.010 0.027 0.048 0.230 0.021 2.276 11.676
1.00 o*  0.040  0.033 0.023 0.008 0.023 0.049 0.231 0.025 2.022 9.207

1.25 0% 0.038  0.030 0.021  0.005 0.021 0.048 0.273  0.026 2.105 9.916

1.50 o*  0.035 0.028 0.018 0.005 0.018 0.043 0.210 0.025 1.919 8.125

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.
Notes: The table presents the summary statistics of the first passage time (FPT), which is defined as the
first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target
(BPT) for different values of the intrinsic volatility as a multiple of 8*. The FPT is reported as a fraction of
the time period T, and the statistics are calculated using Monte Carlo Simulation with 10000 replications
of equation (4) using the Milstein solution scheme with a 1000 point discretization of the time interval
[0,1], and assuming that K =1, BPT =0.5, E=0.15, r* =r x Ty =355, 0" =r x /T
0 x Tf = 17.75, Yo = 0.30.
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Figure 14. First passage time, BLB step-down coupon:
sensitivity to the initial population size

Initial
60 - value
| 020k
b —
Iz 404 0.25 K
q’ —
© 0.30 K
20 0.35K
0.40 K
04 =

0.00 0.05 O.I10 0.15 0.20
First passage time

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The figure shows the density of the first passage time (FPT), which is defined as the first time
the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target (BPT)
for different volatility values. The FPT is reported as a fraction of the time period Ty. The densities are
calculated using Monte Carlo Simulation with 10000 replications of equation (4) using the Milstein solution
scheme with a 1000 point discretization of the time interval [0, 1], and assuming that K = 1, BPT =
0.5, r* =rxTy =355, 0" =rx /Ty =14, 0" =0 x Ty =17.75, Yo = 0.30.

Table 6. First passage time, BLB step-down coupon:
initial value Y sensitivity, summary statistics

. . . first third td. .
initial ¥y mean median mode min st e max ° skewness  kurtosis
quartile quartile dev.

0.20 K 0.076 0.069 0.062 0.024  0.054 0.090  0.242 0.034 1.626 7.106
0.25 K 0.068 0.051  0.037 0.013  0.037 0.070  0.269 0.029 1.586 6.992
0.30 K 0.040 0.034 0.025 0.007 0.024 0.050  0.217 0.024 2.073 9.835
035 K 0.024 0.020 0.014 0.004 0.014 0.030  0.223 0.016 2.619 15.823
040 K 0.014 0.011  0.007 0.002  0.007 0.017  0.192 0.011 3.867 35.267

Sources: Hanson and Ryan (1998), Braumann (2019), and the author.

Notes: The table presents the summary statistics of the first passage time (FPT), which is defined as the
first time the biodiversity indicator (population size) reaches or exceeds a biodiversity performance target
(BPT) for different values of the initial value of the biodiversity indicator, Yy as a multiple of K. The
FPT is reported as a fraction of the time period T, and the statistics are calculated using Monte Carlo
Simulation with 10000 replications of equation (4) using the Milstein solution scheme with a 1000 point
discretization of the time interval [0, 1], and assuming that K =1, BPT = 0.5, E =0.15, r* =r x Ty =
35.5, 0" =r x/Tf=14, 0" =0 x Ty =17.75.

26



5 Conclusions

Ecosystems are integral to the global economy, supporting about half of global GDP (US$
44 trillion) in 2020. However, many governments, especially in developing countries rich in
biodiversity, lack the resources to effectively manage and conserve these ecosystems due to
competing priorities and limited budgets. This creates a pressing need for private sector
engagement. Private capital, particularly from institutional investors seeking sustainable
returns, is essential for bridging the biodiversity funding gap. Mobilizing these resources
can help ensure the long-term preservation of biodiversity, which is crucial not only for

local environments but also for global economic stability.

Biodiversity-linked bonds (BLBs) offer an innovative approach to engaging the private
sector in conservation efforts. Similar to sustainability-linked bonds (SLBs), which have
successfully supported net-zero carbon initiatives, BLBs could align investor returns with
specific biodiversity outcomes, such as species protection and habitat restoration. These
bonds provide flexibility for issuers while offering investors a meaningful way to contribute
to conservation. With the growing demand for sustainable investment opportunities, BLBs
can tap into private capital markets to fund biodiversity initiatives that are often beyond
the financial capacity of the public sector. To fully realize the potential of BLBs, a robust

valuation framework must be established.

The contribution of this paper to the growing literature on biodiversity is the intro-
duction of a novel valuation framework for BLBs. The framework builds on and adapts
existing option pricing methodologies for sustainability-linked bonds (SLBs) to incorpo-
rate key characteristics of biological and ecological models of biodiversity growth. The
framework accounts for an ecosystem carrying capacity and the Allee effect, or risk of
extinction when biodiversity falls below critical thresholds, making it particularly suited
for conservation-focused financial instruments. Additionally, the model integrates hu-
man activities, recognizing their direct and indirect impact on biodiversity dynamics,
and offers practical tools for evaluating BLB risk-return profiles. This approach provides
both a theoretical foundation and a practical framework for the design and assessment of
biodiversity-related financial products, addressing the urgent need for innovative mecha-
nisms to finance global conservation efforts. Furthermore, the proposed framework could
complement existing policy guidelines and principles designed to promote biodiversity,
such as those proposed by Parker et al. (2012), the ADB and IFC (2023), and Nature
Finance and FGV (2024), among others, and could help to align financial incentives with

conservation goals and supporting broader biodiversity initiatives.

Building on its valuation principles, the proposed valuation framework also serves as a
tool to identify the key factors that drive the success of a BLB contract. The primary goal
of a BLB issuer is to achieve a predefined biodiversity performance target (BPT). When
these targets align with positive biodiversity outcomes, both the issuer and the investor

share an interest in ensuring the embedded options in the BLB are exercised, or in-the-
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money. Several factors drive the likelihood of success for the BLB, with the most critical
being the value of the BPT, the growth rate and volatility of the biodiversity indicator,
the utilization rate of the biodiversity contract, and the initial value of the biodiversity
indicator. By simulating the BLLB contract using realistic parameter values, the framework
allows for a clear assessment of the relative importance of each factor in determining the
contract’s success and its ability to meet the needs of issuers and investors alike. As
an example, the approach was applied to a binary BLB step-down coupon option. The
numerical analysis showed how the coupon of the BLB depended on the values of the
BPT, and the role the remaining factors in determining the likelihood of the step-down
option being exercised. In particular, a higher utilization rate by humans could impair
an ecosystem abiity to recover successfully. In addition, the added uncertainty associated
with higher utilization rates might add further complications to ecological management

and policy decisions.

Ultimately, the integration of biodiversity into financial markets through instruments
like BLBs represents a crucial step toward bridging the gap between conservation and
capital, and could encourage further work on the valuation of nature, both in terms of
modeling work (Barbier 2011, Fenichel and Abbott 2014, Fenichel, Abbott, and Yun 2018)
and practical applications (AIIB 2023). As pressures on ecosystems grow, innovative
financial mechanisms that align private sector interests with global biodiversity goals are
not just a promising idea—they are an urgent necessity. The valuation framework proposed
here lays the groundwork for unlocking the full potential of BLBs, offering a structured
path for both issuers and investors to contribute meaningfully to biodiversity preservation.
By aligning financial returns with ecological sustainability, BLBs can become a cornerstone

in the fight to safeguard our planet’s most vital natural assets.
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