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ABSTRACT

The twin crises of biodiversity loss and climate change are putting the world's ecosystem services under pressure
and intensifying nature-related risks. This poses significant threats to human well-being and economic devel-
opment, as nations' economic activities depend on ecosystem services. This study adopts a novel approach and
assesses countries' nature risk based on the LEAP framework. This implies mapping the ecological resources of a
country and evaluating how much the country depends on these resources. Therefore, the study applies a
country's ecological budget and ecosystem dependency to assess the nature risk position of 45 countries over the
period 2014-2021. Since nations show different profiles in both their ecological capacity and their dependency
on ecosystem services, it is assumed that nature risk mitigating measures do not have a uniform effect among all
countries. We analyze this issue by grouping countries into different risk groups. The results show a positive
relationship between nature risk and risks to future economic growth, measured as GDP risk. The findings also
reveal that higher green bond issuance, more stringent environmental policies, and greater technological
advancement are associated with nature risk mitigation by increasing biodiversity and ecological budget while
reducing the ecological footprint. More specifically, these three mitigating factors seem to operate mainly
through two channels: increased use of renewable energy and decreased energy intensity. Overall, the results
indicate that active nature risk management can reduce countries' vulnerability to climate change and biodi-
versity loss and provide concrete guidance for policymakers designing nature risk mitigation strategies.

1. Introduction

global warming, and climate change (Khezri et al., 2021). Biodiversity is
not only a regulator of ecosystem processes, determining the resilience

The global economy relies on ecosystem services, i.e., the variety of
benefits that nature provides. The value of the global ecosystem services
is estimated to be equivalent to 1.5 times the global GDP (OECD, 2019).
A study published in 2020 by the World Economic Forum “shows that
$44 trillion of economic value generation — more than half of the world's
total GDP — is moderately or highly dependent on nature and its services
and is therefore exposed to nature loss.” (World Economic Forum, 2020,
p-8).

Ecosystem services are under pressure from two major threats: the
climate crisis and the loss of biodiversity. Particularly, when the global
mean temperature rises greater than 2 °C above preindustrial levels,
there will be a significant net negative effect on many ecosystem services
(Scholes, 2016). Ignoring the importance of ecosystems can lead to
major environmental issues such as the depletion of natural resources,

to pests and environmental change, but it is also an ecosystem service by
itself, e.g., because genetic and wild species diversity contributes to new
medicines and crops (Mace et al., 2012; Shaw et al., 2025). A loss in
biodiversity, therefore, has a significant negative effect on ecosystem
services (Costanza et al., 2007). Biodiversity loss is a serious issue to
consider, particularly since the economic costs driven by this problem
are at least as high as those generated by climate change (Hudson,
2024).

However, the relationship between economic development,
ecosystem services, the climate crisis, and biodiversity has several more
facets. With increasing temperatures, biodiversity loss becomes faster
and more severe, with extinction rates that would qualify as the sixth
mass extinction in the history of the earth (Bellard et al., 2012). More-
over, higher and more volatile temperatures increase firms'
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environmental risk and reduce economic performance (Bettarelli et al.,
2025). More frequent and more severe natural disasters cause direct
economic damage (Nordhaus, 2019). Further, biodiversity loss exerts a
direct influence on economic development since it limits resource
availability and leads to higher costs across industries, making resource
procurement more expensive (Becker et al., 2025). Nations’ economic
activities highly rely on the main ecosystem services like soil and water
on the one hand. On the other hand, the economic actions can damage
the ecosystem through resource depletion (Becker et al., 2025). Hence,
while ecosystem services are vital for economic development, higher
economic development has led to larger biodiversity loss (Habibullah
et al., 2022) and more greenhouse gas emissions (Ansuategi and Escape,
2002).

Nevertheless, it is clear that the climate crisis and the loss of biodi-
versity are major risks for the economy. Biodiversity loss has been
increasing in recent decades mainly due to climate change and human-
driven activities (Santos et al., 2020; Wang et al., 2024). For instance,
climate change problems like irregular variations in precipitation and
temperatures can raise forest fires, which pose an essential biodiversity
threat (Brodie et al., 2012). Temperature increases raise the gravity and
frequency of natural disasters like droughts, floods, and extreme tem-
perature changes (Song et al., 2023). Within this study, we refer to na-
ture related risk as the risk driven by both the climate crisis and the
degradation of ecosystem services and biodiversity. Biodiversity is
defined as “the variability among living organisms from all sources,
including terrestrial, marine, and other aquatic ecosystems and the
ecological complexes of which they are a part. This includes variation in
genetic, phenotypic, phylogenetic, and functional attributes, as well as
changes in abundance and distribution over time and space within and
among species, biological communities, and ecosystems.” (Diaz et al.,
2015; IPBES, 2024; NGFS, 2023). Biodiversity loss refers to the decrease
in species’ varieties and ecosystem fragility (Becker et al., 2025). Ac-
cording to Nilsson and Grelsson (1995), fragile ecosystems are the ones
characterized by fast variations in the number of species, while stable
ecosystems are characterized by lower levels of fluctuations and larger
resilience.

However, it has to be considered that not all areas of the world will
be affected similarly by these risks. Most living species inhabit three
main rainforest systems (Amazon, Congo, and Indonesian) (Swanson
and Groom, 2012). Further, an inverse correlation is believed to exist
between forms of wealth and species richness, some nations are
considered among the wealthiest in biodiversity but the poorest in in-
come (Swanson and Groom, 2012). Therefore, it is essential to consider
country-specific risks when assessing necessary biodiversity conserva-
tion measures or climate change mitigation strategies. Some countries
may be better prepared to handle the risks than others because of their
ecological budget and development status.

Only a few organizations already assess nature risk of countries or
provide frameworks for nature risk reporting. Specifically and most
popular, the Network of Central Banks and Supervisors for Greening the
Financial System (NGFS) and the Taskforce on Nature-related Financial
Disclosures (TNFD). The NGFS provides the biophysical and economic
models that allow central banks to simulate what happens to their na-
tional GDP, inflation, and debt in different climate and nature risk sce-
narios. It provides forecasts computed with many different models for
very specific topics and problems. However, NGFS doesn't act as a rating
agency and these forecasts are based on critical model assumptions and
rely on complex high quality data, requiring a certain degree of caution
when using the data for risk assessment (Bearpark, 2025). The TNFD
also does not provide country nature risk assessments but it provides a
framework indicating what to disclose and the LEAP approach that de-
scribes how to do risk assessment. While the LEAP approach originally
was designed for companies, it can also be adapted for sovereign debt
assessment (Nature Finance, 2023). The first steps are to identify and
map the ecological resources of a country and to evaluate how much it
depends on these resources. We will build on this approach in our
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empirical analysis that closes an important gap in the literature.

To the best of our knowledge, our study is the first that considers
countries' nature risk levels while we analyze the effects and channels of
nature risk mitigation measures. Our study first conducts a risk assess-
ment based on the LEAP approach and classifies countries into 5 cate-
gories based on their nature risk position. Specifically, the scores of each
country in terms of ecosystem dependency and ecological budget
(calculated as the difference between a nation's biocapacity and
ecological footprint) are taken as measures to derive a particular
country's nature risk position.

An active nature risk management approach would try to mitigate
the climate crisis and reduce the dependency on ecosystem services and/
or increase ecosystem resilience by increasing biodiversity. Previous
studies show that strengthening environmental regulations, fostering
green finance, and promoting research and technological development
are promising measures for these purposes (Frohm et al., 2023; Li et al.,
2022; Horn et al., 2026; Rennings, 2000). However, the joint role of
these measures is hardly analyzed and it is unclear whether the effect of
these measures is similar among countries with different nature risk
(Igbal et al., 2025). This work aims to fill this gap in the literature and
advances prior works by examining the joint impact of environmental
policy stringency, technological innovation, and green bonds issuance
on ecosystem service dependency, ecological budget, biocapacity, and
ecological footprint while differentiating between countries’ nature risk
positions.

The main objectives of this study are forefold. First, to analyze
countries' nature risk management and to provide a risk assessment for
each nation. Second, to investigate the role of green finance, environ-
mental policy stringency (EPS), and technological advancement in na-
ture risk mitigation. Third, to assess the varying influences of these
mitigation measures on ecosystem dependency, ecological budget, and
biodiversity while accounting for the country's risk position. Fourth, to
depict the channels through which nature risk is reduced and show the
influence of the mitigating measures through these channels.

To achieve these objectives, this study employs a panel dataset of 45
countries for the period 2014-2021. A fixed effect model with Driscoll-
Kraay standard errors is used to derive the results. The results show a
positive relationship between nature risk and risks to future economic
growth, measured as GDP risk. The results also show that higher green
bond volumes, EPS, and higher technological advancement proxied by
RnD funding can mitigate nature risk by increasing ecological budget
and biodiversity while reducing the ecological footprint. More specif-
ically, these three mitigating measures reduce nature risk through two
essential channels. By increasing the share of renewable sources for
energy generation and decreasing energy intensity. The results
regarding the mitigation measures’ effect on ecosystem dependency
differ among countries with different risk position.

This study offers several contributions. First, it assesses countries'
nature risks based on the LEAP approach by considering the ecological
resources of a country and its dependency on these resources. Second,
we advance prior studies by jointly exploring the role of green finance,
technological advancement, and environmental policy in nature risk
mitigation while differentiating between countries' risk positions. Third,
we shed light on the channels through which these mitigation measures
can influence biodiversity and the ecological budget. Fourth, we provide
empirical evidence for the mitigation measures’ relation with ecosystem
dependency. Finally, the findings help policymakers to design appro-
priate policies to mitigate nature risk while increasing biodiversity,
reducing the ecological footprint, and fostering economic growth.

The remainder of the paper is as follows. Section 2 presents the
theoretical background and literature review. Section 3 details the data
and methodology. Section 4 displays the results. The discussion is pre-
sented in section 5. Section 6 concludes and states the policy implica-
tions, limitations, and future work avenues.
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2. Theoretical framework and literature review
2.1. Theoretical framework

The theoretical foundation of this study integrates three key per-
spectives. First, Porter's (1991) hypothesis posits that environmental
regulations can stimulate industrial technological innovation. Strong
environmental policies drive sustainable advancements, such as green
finance, helping firms shift toward renewable energy sources. Research
by Fisher-Vanden et al. (2006) and Tang and Tan (2013) demonstrates
that these innovations improve energy efficiency. Furthermore, Ma et al.
(2023) and Ao et al. (2023) emphasize their role in tackling climate
change and accelerating the transition to cleaner energy.

Second, the institutional perspective theory suggests that firm
behavior and innovation are dictated by their institutional environment.
According to Welter and Smallbone (2011), government laws and pol-
icies influence a firm's commitment to eco-friendly practices, which help
decrease their ecological footprint. Finally, the diffusion of innovation
theory (Feng et al., 2022) argues that innovation drives economic
growth and environmental sustainability. It leads to eco-friendly prod-
ucts and new business models that preserve the ecological budget.

In summary, we identify three key measures to mitigate nature risk
from the previous literature. These are more stringent environmental
policies, higher expenditures in research and development, and
increased funding of environmentally friendly projects via green bonds.
The detailed impacts of these mitigation measures on the ecological
budget are described in detail in the following section. However, the
relation between these mitigation measures and ecosystem dependency
is hardly studied. We, therefore, follow an explorative approach to
analyze the latter.

2.2. Increasing the ecological budget and biodiversity

To increase their ecological budget, countries can increase their
biocapacity, reduce their ecological footprint, or both. When coupled
with environmental policy, green finance can promote efforts to reduce
industrial pollution (Zhang and Zhao, 2024). EPS refers to “the strictness
and rigor of regulations, laws, and measures put in place by govern-
ments to address environmental challenges” (Li et al., 2022). Stringent
environmental policies can manage the extraction, utilization, and
disposal of resources to secure their sustainability and limit environ-
mental damage (Wolde-Rufael and Mulat-Weldemeskel, 2021; Kartal
et al., 2025; Wang et al., 2022). Hence, EPS is negatively related to
countries' ecological footprint (Horn et al., 2026). Igbal et al. (2025)
reveal that sustainable finance and technological innovation contribute
to decreasing environmental degradation. More specifically, Chang et al.
(2022) show that there is a negative relationship between a country's
green bond volume issued and the ecological footprint. While many
studies focus on the relation between the mitigation measures and
countries' ecological footprint, results on the drivers of biocapacity are
missing. Building on these previous findings we formulate the following
hypotheses.

Hla. A higher issued volume of green bonds increases the ecological
budget by reducing the ecological footprint.

H1b. Higher RnD expenses increase the ecological budget by reducing
the ecological footprint.

Hlc. Stricter environmental policy increases the ecological budget by
reducing the ecological footprint.

A very well studied component of countries’ ecological footprint is
the carbon footprint. Green finance emerged as an important factor that
can decrease carbon emissions (Sadiq et al., 2024; Sampene et al., 2024;
Tariq and Hassan, 2023) and carbon intensity (Huang et al., 2023). Al
Mamun et al. (2022) argue that some green bonds are issued to help
pollution control efforts and enhance energy efficiency. Besides green
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finance, EPS can reduce carbon emissions (Frohm et al., 2023; Li et al.,
2022). EPS incorporates initiatives aiming to promote the use of
renewable energy as well as the development of adequate infrastructure
for sustainable energy sources and, ultimately, fosters the consumption
of renewable energy (Yu et al., 2023; Hassan et al., 2024). Xu et al.
(2022) reveal that environmental policies can decrease energy intensity,
and the reason behind this is that it drives firms to strengthen innova-
tion. Wang et al. (2025) conclude that technological innovation reduces
carbon emissions. Technological innovation contributes to improving
energy efficiency and optimizing operations within industries (Razmjoo
et al., 2022). Innovative technologies not only enhance the efficiency of
solar power and reduce its cost but also improve the ability of a nation to
produce clean energy on a large scale (Gawusu and Ahmed, 2024).
Therefore, renewable energy sources can help preserve the environ-
ment, whereas fossil fuels and non-renewable energy sources harm it.
Hence, the quest for eco-friendly energy sources became popular as
countries recognize the threats posed by fossil fuels (Solarin et al., 2018)
and the need to decrease energy intensity, which represents the ratio
between energy supply and gross domestic product. Renewable energy
is a key factor that helps decrease greenhouse gas emissions and fosters
green development (Chen and Yang, 2024). Building on these previous
findings we formulate the following hypotheses.

H2a. A higher issued volume of green bonds reduces the carbon
footprint by increasing the share of renewable energy and decreasing
energy intensity.

H2b. Higher RnD expenses reduce the carbon footprint by increasing
the share of renewable energy and decreasing energy intensity.

H2c. Stricter environmental policy reduces the carbon footprint by
increasing the share of renewable energy and decreasing energy
intensity.

As the biodiversity crisis receives more attention, environmentalists
and scholars have been calling for the use of renewable and eco-friendly
energy sources to combat biodiversity loss generated by fossil fuels
(Arshed et al., 2024). Fossil fuels and non-green energy sources can
increase mining, require infrastructure development, and increase
transportation, all of which can negatively impact biodiversity (Ali et al.,
2023). Zeng et al. (2024) find a close relationship between sustainable
finance, natural resource exploitation, and biodiversity preservation in
BRICS economies. Gao et al. (2025) show that green finance has a pos-
itive impact on urban biodiversity in China. EPS is considered being
essential in preserving ecosystems and biodiversity (Javed et al., 2025).
Driving technological development can enhance biodiversity and pro-
tect the environment (Rennings, 2000; Lai et al., 2017). Moreover, it has
great potential to be considered a modern solution that hinders biodi-
versity loss and decreases the influence of climate change harm
(Acemoglu et al., 2012). We, therefore, hypothesize.

H3a. A higher issued volume of green bonds increases biodiversity.
H3b. Higher RnD expenses increase biodiversity.

H3c. Stricter environmental policy increases biodiversity.

The study of Usman and Radulescu (2022) shows that renewable
energy improves environmental quality, which in turn helps preserve
biodiversity. In addition, Kakar et al. (2024) show that renewable en-
ergy plays a role in preventing the loss of biodiversity. Joof et al. (2023)
reveal that renewable energy enhances biodiversity in BRICS economies.
This suggests that increasing renewable energy use and decreasing en-
ergy intensity can act as channels to preserve biodiversity and mitigate
nature risk. As such, it is worth investigating whether green bond issu-
ance, EPS, and technological innovation have a positive effect on these
two channels and enhance biodiversity and mitigate nature risk.

While the reviewed studies indicate a clear picture of the influence of
the mitigation measures, the reality is more complex, and some barriers
make nature risk mitigation difficult. First, there exists a major gap
between the financial resources needed to preserve the ecosystem
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services and biodiversity and the funds that are currently available
(Karolyi and Tobin-de la Puente, 2023; Seidl et al., 2024). Therefore, it is
unclear whether green finance can already exert an efficient influence
on biodiversity (Gao et al., 2025). Second, some scholars found differing
results regarding the influence of EPS and technological innovation. For
instance, the findings of Demiral et al. (2021) show that more stringent
environmental policies do not address environmental issues but rather
augment them in both the high- and middle-income subsamples of OECD
economies. In addition, Dogan et al. (2023) found that environmental
taxes have a negative influence on sustainability. The effects of tech-
nological innovation are also not clear cut. Adebayo and Kirikkaleli
(2021) show that GDP growth, technological innovation, and global-
ization increase carbon emissions in Japan, while renewable energy
decreases these emissions in the short and medium run. Dauda et al.
(2019) found that innovation increased carbon emissions in seven
MENA countries. Wang and Wei (2020) show that technological devel-
opment can lead to higher carbon emissions due to more stringent
environmental policies in developing economies, which is known as the
“green paradox“. We therefore analyze the above stated hypotheses for
subsamples of countries with different nature risk to provide a possible
explanation for the differing results in the literature.

3. Methodology, data, and variables
3.1. Data and variables

The study employs a panel dataset from OECD countries plus China,
India, South Africa (participating partners), Argentina, Brazil,
Indonesia, Thailand (countries negotiating membership), Malaysia, and
Vietnam (expressed interest in membership). Iceland and Luxembourg
are excluded because of the small number of inhabitants. The data
period is from 2014 to 2021. Some data points, like the “GDP Risk by
2050~ are forecasts up to the year 2050 that have been developed in
2023.

An overview of all variables and data sources is presented in Table 1.

3.2. Methodology

3.2.1. Assessing country nature risk

Nature risk corresponds to a decrease in ecosystem services. The
productivity of the ecological assets of country i in year t is its bio-
capacity (Biocapacity;,). The sum of all ecological assets that a country
requires to satisfy its consumption and to absorb its waste is referred to a
country's ecological footprint (Footprint;,). This includes the carbon
footprint, which is a measure of a country's carbon emissions
(Footprint_Carbon; ). The difference between a country's biocapacity and
footprint is the country's ecological budget (EcologicalBudget;.). We rely
on data from the Global Footprint Network for the latter variables.

Many countries’ footprint overshoots their biocapacity, which is why
the global ecological budget is negative, i.e. humans exploit and
decrease the natural reserves. These nations have used more natural
resources than nature can reward. Countries with negative ecological
budgets are called ecological debtors. They benefit from the biocapacity
of countries with a positive ecological budget (ecological creditors), e.g.,
by net-importing biocapacity through trade (agricultural products) or by
emitting carbon dioxide into the atmosphere that is absorbed by the
ecosystem of ecological creditors.

When experiencing a local or global decrease in ecosystem services,
ecological debtors might face a severe procurement problem as their
demand for ecosystem services increases/stays stable while the global
supply decreases. The potential consequences are more severe for
countries with a higher dependency on ecosystem services since it would
be more difficult for such countries to substitute them. This study uses
the dependency score of Iceberg Data Lab to measure a country's de-
pendency on ecosystem services (DependencyScore;,). Specifically, it is
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measured as the mean dependency across 26 ecosystem services
weighted by segment revenues of country i in year t.

We use k-means clustering to assign countries to groups according to
their dependency on ecosystem services (DependencyGroup;,; 0 (lowest
dependency) to 2 (highest dependency)). We opt for three clusters after
considering within sum of squares and its logarithm, the n2 coefficient,
and the proportional reduction of error (PRE) coefficient for two to
twenty cluster solutions." Furthermore, we split countries into two
groups according to their ecological budget (BudgetGroup;; Group 0 (1)
are countries with negative (positive) ecological budget). Next, we use
these two group scores for assigning the countries a risk position score
(RiskPosition;; 0 (low risk, i.e. BudgetGroup;; = 1 & DependencyGroup;,
= 0) to 4 (high risk, i.e. BudgetGroup;; = 0 & DependencyGroup;; = 2).

The IMF publishes forecasts for the net potential GDP risk of a
country by 2050 from climate damage in percent of its GDP. We consider
the GDP risk for three scenarios. The scenario “Current Policies” assumes
that only currently implemented policies are preserved, leading to
growing emissions until 2080, about 3 °C of warming, and high physical
risks but no transition risk (GDPRiskCurrent2050;). In the scenario “Net
Zero 20507, global net zero CO2 emissions are reached around 2050
because of stringent climate policies and innovation. This scenario as-
sumes that ambitious climate policies are introduced immediately.
Physical risks are relatively low, but transition risks are high
(GDPRiskNetZero2050;). In the “Delayed Transition” scenario, global
annual emissions do not decrease until 2030 (GDPRiskDelayed2050;).
Strong policies are then needed to limit warming to below 2 °C. This
leads to both higher transition and physical risks than the Net Zero 2050
scenario.

In addition, we employ the Biodiversity and Habitat Sub Index
(BDHj,) of the Environmental Performance Index (EPI) by Yale Uni-
versity for measuring the biodiversity of a country's ecosystem.

3.2.2. Measures of nature risk mitigation

We identify three key measures to mitigate nature risk from the
previous literature. These are more stringent environmental policies,
higher expenditures in research and development, and increased fund-
ing of environmentally friendly projects via green bonds.

The stringency of environmental policies of country i in year t (EPS; ;)
is captured by the Environmental Policy Stringency Index. This index is
retrieved from the OECD library and ranges from 0 (not stringent) to 6
(highest degree of stringency). The data series is only available until the
year 2020. To derive implications for policymakers, we use the Climate
Policy Score of the year 2025 (ClimatePolicyCCPI; ), which is part of the
Climate Change Performance Index published by Germanwatch, New-
Climate Institute, and Climate Action Network International. The
Environmental Policy Stringency Index is strongly positively correlated
with the Climate Policy Score. Therefore, the latter should be suitable to
proxy environmental policy stringency, although it is only focused on
the subtopic of climate policy.

In this study, we proxy technological research and innovation by
Research and Development (RnD) expenses. RnD expenses can serve as
an indicator for technological innovation (Albino et al., 2014). A
country's domestic spending in RnD (GDExpRnD;,) is measured as its
total expenditure on RnD as a percent of the country's GDP in year t. The
data is also available from the OECD library. The volume of green bond
issues per country and year is also adjusted by a country's GDP in that
same year, i.e. we employ the issued green bond volume in percent of
GDP of country i in year t in USD (GBV;;). The green bond data is from
the Climate Bonds Initiative. The sum of GDExpRnD;, and GBV;; are the
investments for the mitigation of nature risk per country and year
(InvestmentsMitigation; ;).

We use k-means clustering to assign countries to groups according to

! Detailed results available from the authors upon request.
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Table 1
Variables and data sources.

Abbreviation Full name Definition Source

BDH;, Biodiversity and Habitat Index ~ Biodiversity and Habitat Sub Index (BDH) of the Environmental Yale University, Environmental Performance

Biocapacity;

BudgetGroup; ¢

ClimatePolicyCCPI; ¢

ClimatePolicyGroup; ¢

DependencyGroup ¢

DependencyScore;

EAL,

EcologicalBudget; ;

EnergyIntens;

EPS;,

Footprint;,

Footprint_Carbon;

GBV;,

GBVGroup;

GDP;;

GDExpRnD;,

GDPRiskCurrent2050;

GDPRiskDelayed2050;

(BDH)

Biocapacity per person

Ecological Budget Group

Climate Policy Score

Climate Policy Group

Dependency group

Dependency score

Environmental Awareness
Index
Ecological Budget

Energy Intensity

Environmental Policy
Stringency Index

Ecological Footprint

Carbon Footprint

Green Bond Issuance in % of

GDP

Green Bond Volume Group

Gross Domestic Product per

capita

Gross Domestic Expenditure
on RandD (GERD)

GDP Risk by 2050, scenario
“Current transition”

GDP Risk by 2050, scenario
“Delayed transition”

Performance Index (EPI) by Yale University. It is computed
using different weights for seven indicators as follows:
Terrestrial Biome Protection (national) (22.2%), Terrestrial
Biome Protection (global) (22.2%), Marine Protected Areas
(22.2%), Protected Areas Rep. Index (14%), Species Habitat
Index (8.3%), Species Protection Index (8.3%), Biodiversity
Habitat Index (3%). The higher the index, the higher is the
biodiversity and the healthier is the habitat.

Biocapacity represents the productivity of its ecological assets.
If not harvested, these areas can also be used to absorb the
waste produced. Biocapacity is measured per person in global
hectares per country i in year t.

BudgetGroup;, = 1 (=0) for countries with positive (negative)
EcologicalBudget; .

The Climate Policy Score is part of the Climate Change
Performance Index. Higher scores indicate more ambitious
climate policies of country i in year t.

The indicator assigns country i to one of three Climate Policy
Groups (1 = least ambitious to 3 = most ambitious) based on
ClimatePolicyCCPI; 2025

The indicator assigns country i to one of three dependency
groups (0 = lowest dependency to 2 = highest dependency)
based on k-means-cluster analysis with DependencyScore;,

The Dependency score is the mean dependency across 26
ecosystem services weighted by segment revenues of country i
in year t. It corresponds to direct dependencies i.e. scope 1 only
and ranges between 0% (no dependency on ecosystem services)
to 100% (full dependency on ecosystem services).

Measures Google search volume of more than 300 keywords per
country to proxy environmental awareness of the population
Ecological budget is

Biocapacity;, — Footprint;,. Countries with positive (negative)
ecological budgets are called ecological creditors (debtors).

Represents the ratio between energy supply and gross domestic
product measured at purchasing power parity

Country-specific composite index of the stringency of
environmental policy

Sum of all ecological assets that a given population requires to
produce the natural resources it consumes and to absorb its
waste, especially carbon emissions measured per person in
global hectares per country i in year t.

Measures CO2 emissions associated with fossil fuel use.

Volume of Green Bond issues in percent of GDP of country i in
year t in USD

The indicator assigns country i to one of three Green Bond
Volume Groups (1 = lowest volume to 3 = highest volume)
based on GBV; 022

Logarithmized Gross Domestic Product per capita in constant
2015 US$

Gross domestic spending on research and development (R&D) is
the total expenditure (current and capital) on R&D in a country
i as percent of the GDP in year t.

Net potential decrease in GDP country i by year 2050 caused by
climate damages in percent of GDP in the Network for Greening
the Financial System (NGFS) Phase 3 scenario “Current
transition”. The estimation is based on data from the year 2023.

Net potential decrease in GDP country i by year 2050 caused by
climate damages in percent of GDP in the Network for Greening

Index.
https://epi.yale.edu/

Global Footprint Network
https://www.footprintnetwork.org/our-wo
rk/ecological-footprint/

Own calculations based on Global Footprint
Network
https://www.footprintnetwork.org/our-wo
rk/ecological-footprint/

Climate Change Performance Index by
Germanwatch, NewClimate Institute, Climate
Action Network International
https://ccpi.org/wp-content/uploads/CC
PI-2025-Results.pdf

Own calculations based on ClimatePolicyCCPI;,

Own calculations based on data from Iceberg
Data Lab

Iceberg Data Lab

Google trends and own calculations

Own calculations based on Global Footprint
Network
https://www.footprintnetwork.org/our-work/
ecological-footprint/

World Bank https://databank.worldbank.or
g/metadataglossary/
world-development-indicators/series/
EG.EGY.PRIM.PP.KD

OECD

https://stats.oecd.org/Index.aspx?
DataSetCode = EPS

Global Footprint Network
https://www.footprintnetwork.org/our-wo
rk/ecological-footprint/

Global Footprint Network
https://www.footprintnetwork.org/our-wo
rk/ecological-footprint/

Data for the volume of green bonds per year in a
country in USD is retrieved from Climate Bonds
Initiative.
https://www.climatebonds.net/market/data/
Own calculations based on data from Climate
Bonds Initiative.
https://www.climatebonds.net/market/data/
World Bank https://data.worldbank.
org/indicator/NY.GDP.

PCAP.KD

OECD
https://www.oecd.org/en/data/indicators
/gross-domestic-spending-on-r-d.html

IMF

https://climatedata.imf.
org/pages/ngfs/#ngfs7

National Institute Global Econometric Model
results; and IMF staff calculations

IMF

https://climatedata.imf.
org/pages/ngfs/#ngfs7

(continued on next page)
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Table 1 (continued)
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Abbreviation Full name Definition Source
the Financial System (NGFS) Phase 3 scenario “Delayed National Institute Global Econometric Model
transition”. The estimation is based on data from the year 2023.  results; and IMF staff calculations
GDPRiskNetZero2050; GDP Risk by 2050, scenario Net potential decrease in GDP country i by year 2050 caused by ~ IMF

InvestmentsMitigation; ¢

InvestmentsMitigationGroup; ¢

“Net Zero 2050"

Investments for the mitigation
of nature risk

Investments for the mitigation

climate damages in percent of GDP in the Network for Greening
the Financial System (NGFS) Phase 3 scenario “Net Zero”. The

estimation is based on data from the year 2023.

Sum of Gross Domestic Expenditure on RandD and Volume of
Green Bond issues as percent of GDP per country i and year ¢, i.

e. GDExpRnD;; + GBV;,

The indicator assigns country i to one of three Investments for

https://climatedata.imf.
org/pages/ngfs/#ngfs7

National Institute Global Econometric Model
results; and IMF staff calculations

Climate Bonds Initiative, OECD, and own
calculations

Own calculations based on Climate Bonds

of nature risk group

the mitigation of nature risk group groups (1 = lowest volume

Initiative and OECD data

to 3 = highest volume) based on InvestmentsMitigation; 2022

Population; ¢ Population

Population of country i in year t

Risk Position of a country i according to Ecological Budget and

OECD
https://www.oecd.org/en/data/indicators/
population.html

Own claculations

RiskPosition;, = 0 if BudgetGroup;, = 1 &

RiskPosition;, = 1 if BudgetGroup;; = 1 &

RiskPosition;, = 2 if BudgetGroup;; = 0 &

RiskPosition;; = 3 if BudgetGroup;; = 0 &

RiskPosition;, = 4 if BudgetGroup;, = 0 &

RiskPosition; Risk Position of a country
according to Ecological Budget ~ Dependency Score
and Dependency Score
DependencyGroup;; =0
DependencyGroup; =1
DependencyGroup;; =0
DependencyGroup; =1
DependencyGroup;; =2
RnDGroup; Gross Domestic Expenditure

on RandD (GERD) Group
ShareRenewables; , Share of renewable energy
sources of electricity solar, and wind

production

The indicator assigns country i to one of three Gross Domestic
Expenditure on RandD Groups (1 = lowest expenditures to 3 =
highest expenditures) based on GDExpRnD; 2022

Share of electricity generated with bioenergy, hydropower, IMF

Own calculations based on data from Climate
Bonds Initiative.
https://www.climatebonds.net/market/data/

https://climatedata.imf.
org/pages/mitigation#mi4
International Renewable Energy Agency
(IRENA); IMF Staff Calculations

their Climate Policy Score of the year 2025 (ClimatePolicyGroup; soz2s
with 1 = least ambitious to 3 = most ambitious) and their investments
for the mitigation of nature risk of the year 2022
(InvestmentsMitigationGroup; 2022 with 1 = lowest investments to 3 =
highest investments).

These mitigation measures can decrease a country's nature risk in
several ways, e.g. a reduction in a country's energy intensity
(Energylntens;, the ratio between energy supply and gross domestic
product; source: World Bank) and an increase in the share of renewables
in electricity generation (ShareRenewables;,; source: IMF) (Dabbous
et al., 2025).

3.2.3. Controls

For capturing the environmental awareness of the population of a
country i in year t, we rely on the logarithmized Environmental
Awareness Index (EAI; ;) of Dabbous et al. (2023) (see also Horn et al.,
2025; Pelster et al., 2024; Horn and Oehler, 2025). The EAI;; is based on
more than 300 keywords that are first translated into each country's
official language and then used to gather the search volume of these
keywords on Google via Google Trends. The data on Google Trends is
monthly. We take the average of the twelve monthly observations to
compute the yearly EAIL

The remaining control variables on a country level are the loga-
rithmized gross domestic product per capita (GDP;,) in constant 2015 US
$ (source: World Bank) and a country's population (Population; ;; source:
OECD).

3.2.4. Methods and descriptives

We report t-tests between countries with different risk position
scores. We also use the described variables to estimate OLS and various
panel regressions. The latter include country fixed effects and use

Driscoll-Kraay standard errors, as Hausman tests, tests for multi-
collinearity, heteroskedasticity, and cross-sectional independence sug-
gest that this is appropriate. The different model specifications are
discussed in more detail below.

Descriptive statistics for the variables of most interest are presented
in Table 2. It is important to notice that the GDPRisk variables are
negative, indicating a decrease in GDP caused by climate change by
2050. The data for EPS is only available until 2020 and the data for
dependency is not available for all years per country. Country-year ob-
servations with incomplete data are dropped from regression analyses.

4. Results

We start with regressing countries' risk position score on the fore-
casted GDP risk until 2050 in different scenarios. Using the IMF

Table 2
Descriptive statistics.
Mean Std. Dev. Min Max N

Biocapacity;, 3.59 3.72 .10 15.11 324
DependencyScore; 10.03 2.44 5.32 17.76 183
EAIL; 5.89 3.03 .00 9.10 369
EcologicalBudget; ; —-.99 3.34 —7.61 7.44 279
Energylntens; 3.61 1.28 .97 7.71 315
EPS;, 2.89 .99 .58 4.89 191
Footprint; 4.62 1.83 .97 8.37 279
Footprint_Carbon; 2.54 1.24 44 6.11 279
GBV;, .43 .63 .00 3.44 324
GDExpRnD; 2.00 1.04 .26 5.21 304
GDPRiskCurrent2050; —18.10 12.49 —68.11 —4.39 340
GDPRiskDelayed2050; —11.90 9.48 —55.24 —4.52 340
GDPRiskNetZero2050; —8.78 7.77 —43.61 —1.57 340

ShareRenewables; .46 .28 .01 .99 312
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projection scores for the net potential decrease in GDP by 2050 under 3
different climate policy scenarios, we find a positive association be-
tween a country's nature risk position score and the projected GDP
losses. It is important to notice that the dependent variables are nega-
tive, indicating a decrease in GDP caused by climate change. The results
of these OLS regressions are presented in Table 3 and show that the net
decrease in GDP caused by climate damages in scenario “Current Pol-
icies” gets larger among countries with higher risk position scores, with
a statistical significance at the one percent level. This means that the net
decrease in GDP is larger among countries with a higher risk position.
Specifically, moving from risk position O to 4 implies a 28.5 percentage
point larger GDP loss by 2050 under the Current Policies scenario. We
see similar results for the scenarios “Delayed Transition” and “Net Zero
20507, however, with decreasing magnitude. The latter is not surprising
since nature risk is mitigated by stringent environmental policies in the
scenarios “Delayed Transition” and “Net Zero 20507, i.e. climate dam-
ages are less severe and have a smaller negative impact on countries'
GDP. Moreover, these results show that our risk position measure is well
related to climate change risk measures, yet it is different and more
holistic as it is based on the availability of and dependency on ecosystem
services. Finally, since the GDP risk calculation is based on a projection
model and the analysis is cross-sectional, these results are interpreted as
an association and validation evidence rather than a causal effect from
nature-risk position to GDP risk.

Next, we turn to measures that are associated with a decrease in
nature risk, specifically funding green projects by issuing green bonds,
technological advancement through increasing RnD funding, and more
stringent environmental policy. First, we focus on these measures’
relation with the ecological budget. Second, we analyze whether these
measures are associated with a decrease in the dependency on ecosystem
services. Third, we study increases in the resilience of ecosystems by
increasing biodiversity and habitat quality.

Results in Table 4 show that more green bond and RnD funding as
well as a more stringent environmental policy, are correlated with an
increase in the ecological budget of a country in the following year,
particularly in countries with high nature risk, i.e. countries with risk
position values of 3 and 4. Countries that largely depend on ecological
services show the largest correlation when it comes to RnD expendi-
tures. The results indicate that if these countries spend more money on
RnD, technological improvement will occur and will help increase the
ecological budget much more when compared to countries with low-risk
positions that are usually characterized by higher developmental levels.
For instance, in risk positions 0 and 1 we find countries like Canada and
Sweden. In risk level 4, we have countries like Morocco and the
Philippines that could highly benefit from larger RnD funding. Wheen
green bond funding increases by one percent of a country's GDP, the
ecological budget increases by .09 to .32 ha per person.

The positive effect on the ecological budget is primarily driven by a
decrease in the ecological footprint, see Table 5. Wheen green bond
funding increases by one percent of a country's GDP, the ecological
footprint decreases by .08 to .28 ha per person. The results support the
hypotheses H1a, H1b, and Hlc. Nevertheless, we also observe a positive
correlation of RnD expenses and environmental policy stringency with
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Table 4
Measures to increase ecological budget.
RiskPosition; , EcologicalBudget;
(0&1) 2) (3&4)
GBVi1 .32% 15 .09
(13) 04 (.02)
GDEXpRnD;; 1 .19 .09 .69FF*
(.17) (.06) (.11)
EPS;; 1 41 —.11 .62
17) (.08) 07)
Controls Yes Yes Yes
a 138%** —13.6* 21.6%**
(24) (6.9) (3.00)
R? .53 .60 .81
N 38 84 50

Notes: The table presents the estimated coefficients, Driscoll-Kraay standard
errors figuring in parentheses, and R? for panel regression analysis with country-
fixed effects. The symbols ***, ** and * indicate statistical significance at the
1%, 5%, and 10% levels, respectively. Example: Regressing GBVi; 1 on
EcologicalBudget;, in the sample of countries where RiskPosition;, is 0 or 1 with
panel regressions and Driscoll-Kraay standard errors (see column (0&1)) gen-
erates a coefficient of .32 with a p-value <.10 for GBV;,_; as an independent
variable.

Table 5
Measures to increase biocapacity and to decrease ecological footprint.
RiskPosition; ; Biocapacity; Footprint;
(0&1) (3] (3&4) (0&1) 2) (3&4)
GBVi 1 .04 —.01 .01 —.28%* —.16%%* —.08*
(.06) (.02) (.02) (.10) (.03) (.03)
GDExpRnD; ;1 .24 .04 .06%* .05 —.05 —.63%**
(.32) (.03) (.03) (.36) (.08) (.12)
EPS;; 1 -.30 —.05 36 —.70%* .07 —.26*
(.16) (.07) (.05) (.20) (13) (.12)
Controls Yes Yes Yes Yes Yes Yes
a 68* 6.70%* 5.47%** —70* 20* —16%**
29) (2.35) (1.14) [€38) ®) 3
R? .56 13 22 .53 .60 .67
N 38 84 50 38 84 50

Notes: The table presents the estimated coefficients, Driscoll-Kraay standard
errors figuring in parentheses, and R? for panel regression analysis with country-
fixed effects. The symbols ***, ** and * indicate statistical significance at the
1%, 5%, and 10% levels, respectively. Example: Regressing GBV;; 1 on
Footprint;, in the sample of countries where RiskPosition;, is 0 or 1 with panel
regressions and Driscoll-Kraay standard errors generates a coefficient of —.28
with a p-value <.05 for GBV;;_; as an independent variable.

biocapacity among high nature risk countries. It is not surprising that
environmental policy has a significant influence in countries with
higher-risk positions. For instance, for a country like Canada with a low
risk position, it is unlikely that more stringent environmental policies
will increase biocapacity, as the country already has large spaces and has

Table 3
Risk position and GDP risk.
GDPRiskCurrent2050; GDPRiskDelayed2050; GDPRiskNetZero2050;
RiskPosition; ; —4.73%%%* —3.51%* —2.81%*
(1.73) (1.35) (1.12)
a —7.81* —4.13 —-2.49
(4.37) (3.42) (2.84)
Adj. R? 14 12 12
N 41 41 41

Notes: The table presents the estimated coefficients, standard errors figuring in parentheses, and adjusted R? for OLS regression analysis. The symbols ***,
** and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively. Example: Regressing countries' risk position score on the forecasted
GDP risk until 2050 in the scenario “Current Policies” generates a coefficient of —4.73 with a p-value <.01.
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implemented some biodiversity conservation policies. However, in
riskier countries like Mexico, environmental policies will be more
effective, and the government regulations can enforce laws on industries
to protect biodiversity and the environment. The effect of mitigating
factors on biocapacity and ecological footprint, therefore, highly de-
pends on countries' risk positions. When looking at countries in the
various risk categories, we notice that countries in risk position (0 or 1)
are mostly well-developed countries with large forests or land that is not
fully exploited (like Canada, Norway, and Australia). Countries in risk
position 2 are highly developed countries that are not highly dependent
on biodiversity and do not have a large ecological budget (like Germany,
Japan, and the United Kingdom). Countries in risk positions 3 and 4
depend on natural resources and are not highly developed (like Mexico,
India, and the Philippines).

When breaking down the ecological footprint into its individual
components, we observe that the mitigation measures are mainly asso-
ciated with a decrease in the carbon footprint, i.e. lead to a reduction in
carbon emissions (see Table 6; regressions for other footprint compo-
nents are not reported for the sake of clarity). The interpretation of these
results reveals important patterns that are replicated across the various
countries' nature risk levels as evidenced by the results of the several
regressions conducted in Table 6. The parameters‘ estimates for the
three mitigating measures show negative signs across all 3 groups and
are statistically significant. Specifically, the robust pattern associated
with these results shows that higher green bond issuance, stricter envi-
ronmental policy and higher RnD expenditures are associated with
lower carbon footprint.

These results match the findings established in prior studies showing
that green finance emerged as an important factor that can decrease
carbon emissions (Sadiq et al., 2024; Sampene et al., 2024; Tariq and
Hassan, 2023), environmental policies can decrease carbon emissions
(Tiwari et al., 2024), and technological innovation can reduce carbon
emissions (Wang et al., 2025).

The reduction in the carbon footprint seems to work via two chan-
nels. First, a reduction in countries’ energy intensity. Second, an in-
crease in the share of renewables in electricity generation. Results in
Table 6 show that energy intensity is associated with an increasing
carbon footprint, while an increasing share of renewable energy is

Table 6
Measures to decrease carbon Footprint.

RiskPosition; , Footprint_Carbon; ;

(0&1) 2) (3&4) (all) (all)
GBVir 1 Bz S i § b

(.03) (.04) (.02)
GDEXpRND; -y —.22%* —28kxr 7w

(.09) (.06) (.14)
EPS;; 1 —.20* .08 5

(.08) (.05) (.05)
EnerylIntens; ; 80**

(.15)
ShareRenewables; —2.17%**
(.26)

Controls Yes Yes Yes Yes Yes
a —75%%* 3.7* —2] % —14%* —.06

15) (4.5) (3) @ (2.78)
R? .75 .67 73 .44 .37
N 38 84 50 279 269

Notes: The table presents the estimated coefficients, Driscoll-Kraay standard
errors figuring in parentheses, and R? for panel regression analysis with country-
fixed effects. The symbols ***, ** and * indicate statistical significance at the
1%, 5%, and 10% levels, respectively. Example: Regressing GBV;, 1 on
Footprint_Carbon;, in the sample of countries where RiskPosition;, is 0 or 1 with
panel regressions and Driscoll-Kraay standard errors (see column (0&1)) gen-
erates a coefficient of —.21 with a p-value <.01 for GBV;,_; as an independent

variable.
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associated with a decrease in the carbon footprint.

Regressions with energy intensity and the share of renewable energy
as dependent variables indicate that all three mitigation measures
individually are correlated with lower energy intensity and a higher
share of renewables in electricity generation (see Table 7). This is strong
support for the hypotheses H2a, H2b, and H2c.

When analyzing the relationship between the mitigation measures
and the dependency on ecosystem services, we subdivide our sample
into countries with low dependency (DependencyGroup = 0) and
countries with medium and high dependency (DependencyGroup = 1
and 2). Results of respective regression analyses are presented in
Table 8. They indicate that an increase in RnD expenditures and green
bond volume might increase the dependency on ecosystem services in
countries with lower dependency. Countries will benefit from techno-
logical advancement and funding to further exploit their ecosystem by
using eco-friendly techniques and producing ecological products. For
instance, they can use biofarming, bioenergy plants, ecological farming,
and exploit forests more to use timber for construction instead of stones.
With more funding, investment increases. In lower-risk countries, more
spending can lead to higher exploitation of ecological resources, they
still have a margin to do so, particularly if these are developed countries
with enforced stringent environmental policies. However, countries
with a higher risk have to be very careful in exploiting further their
ecological services since they already have a high rate of biodiversity
dependence and have a risk of biodiversity loss. In contrast, more
stringent environmental regulation is associated with a decrease in de-
pendency. The latter can also be observed for countries with medium
and high dependency. However, higher RnD expenses are associated
with a subsequent decrease in dependency in highly dependent coun-
tries, which makes sense from a risk management perspective.

Turning to the Biodiversity and Habitat Sub Index, we do not find a
significant effect of green bond funding (see Table 9). However, we find
a positive correlation between environmental policy stringency and
biodiversity in countries with a positive ecological budget (Budget-
Group = 1). These countries have a high biocapacity. Therefore, strict
regulations should enable nature to flourish and to quickly rehabilitate.
In contrast, among countries with low biocapacity (BudgetGroup = 0),
probably more proactive measures are needed to regain resilient eco-
systems. Hence, it seems plausible that we find a positive, statistically
significant influence of RnD spending on the Biodiversity and Habitat
Sub Index among both groups of countries. These results strongly sup-
port hypothesis H3b. Support for H3c is only weak while we do not finde
indications that would align with hypothesis H3a.

Given the substantial empirical evidence regarding the advantages of

Table 7
Measures to decrease energy intensity and to increase the share of renewables.

EnergyIntens; ; ShareRenewables; ;

GBVi; 1 .05%**
(o1
GDEXpRnD;; 1 —.64%** 12
(.06) (.01)
EPS;; 1 — .44 Q7%=
04 (.02)

Controls No No No No No No
o 3.66%+* 4.8 5.00%%* 45xEk P T

(.04) (12) (.13) (.01) (.02) (.04)
R? .30 .26 .24 .26 14 .09
N 270 227 191 269 225 191

Notes: The table presents the estimated coefficients, Driscoll-Kraay standard
errors figuring in parentheses, and R? for panel regression analysis with country-
fixed effects. The symbols ***, ** and * indicate statistical significance at the
1%, 5%, and 10% levels, respectively. Example: Regressing GBVi, 1 on
Energylntens;, with panel regressions and Driscoll-Kraay standard errors gener-
ates a coefficient of —.22 with a p-value <.01 for GBV;,_; as an independent

variable.
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Table 8 Table 10
Measures to decrease dependency on ecosystem services. Differences in mitigating measures between low- and high-nature-risk countries.
DependencyGroup; DependencyScore; ¢ GBVi; 1 GDExpRnD; 1 EPS;, 1
0) (1&2) RiskPosition;; = 0|1|2 .57 217 3.17
(.44) (.90) (.96)
A *k
GBVie1 31 22 RiskPosition;, = 3|4 .25 1.47 2.44
(.09) (.16) (.32) (1.12) (73)
GDEXpRnDi; 1 677 —.25%* Diff qores 714+ .
(.20) (.06) i . :
EPS;t 1 —.65%* —.25%* Notes: The table presents, mean values and standard values (in parentheses) of
(:22) (.09) GBV;;_1, GDEXpRnD;;_1, and EPS;,_, for countries with RiskPosition;; of 0, 1, 2
Controls Yes. Yes and countries with RiskPosition;; of 3,4 and results of t-tests between these two
a 31%* 19%%** . s qs o . s
a0 3 groups of countries. The symbols ***, **, and * indicate statistical significance of
R2 21 19 the difference between the two groups at the 1%, 5%, and 10% levels, respec-
N 67 56 tively. Example: The mean GBV;,_; of countries with RiskPosition;, of 0, 1, 2 is

Notes: The table presents the estimated coefficients, Driscoll-Kraay standard
errors figuring in parentheses, and R? for panel regression analysis with country-
fixed effects. The symbols ***, ** and * indicate statistical significance at the
1%, 5%, and 10% levels, respectively. Example: Regressing EPS;; ; on
DependencyScore;; in the sample of countries where DependencyGroup; is 0 with
panel regressions and Driscoll-Kraay standard errors generates a coefficient of
—.65 with a p-value <.05 for EPS;,_; as an independent variable.

Table 9
Measures to increase the Biodiversity and Habitat Sub Index.
BudgetGroup; BDH;
@D (0
GBVit 1 1.23 —-.03
(.95) (.38)
GDExpRnD; ;1 7.76%%* 4.87%*
(1.92) (1.58)
EPS;; 1 4.53%* —.60
(1.31) (.49)
Controls Yes Yes
a 792%** —50
(118) (29)
R? .78 .31
N 38 116

Notes: The table presents the estimated coefficients, Driscoll-Kraay standard
errors figuring in parentheses, and R? for panel regression analysis with country-
fixed effects. The symbols ***, ** and * indicate statistical significance at the
1%, 5%, and 10% levels, respectively. Example: Regressing GDExpRnD;; 1 on
BDH;, in the sample of countries where BudgetGroup; is 1 with panel regressions
and Driscoll-Kraay standard errors generates a coefficient of 7.76 with a p-value

<.01 for GDExpRnD;, 1 as an independent variable.

high green bond and RnD funding as well as more stringent environ-
mental policy, one would assume that countries with high nature risk
use these measures to decrease their nature risk position. However, the
results of the t-test in Table 10 comparing countries with low- and
medium-risk positions with countries with high-risk positions show that
countries with high-risk positions use these measures to a significantly
lesser extent. This is a strong indication that countries with a lower
nature risk are managing this risk more actively and more strongly. As a
result, the gap between high-risk and low-risk countries in terms of
unmanaged risk is likely to widen in the future.

5. Discussion

Althought the results of the empirical analysis indicate significant
relations, there are some limitations that need to be considered when
interpreting these results. First, some important time-varying con-
founders, such as structural economic change, trade openness, political
institutions, or resource booms, may simultaneously affect green bond
issuance, RnD spending, EPS, and ecological outcomes. Furthermore,

.57 with a standard deviation of .44. The mean GBV;; ; of countries with
RiskPosition;, of 3, 4 is .25 with a standard deviation of .32. The difference be-
tween these two groups of countries is .32. According to a t-test, this difference is
significant at the 1% level.

some of our independent variables may be temporarily correlated, e.g.,
green bond market development and environmental awareness as well
as EPS and RnD spending. Therefore, we are careful with causal claims
and state that the results should be interpreted as strong conditional
correlations consistent with - but not definitively proving - the proposed
mechanisms.

Assuming that at least some of the identified relations hold in reality,
we turn to the implications of these relations for individual countries.
For a clear presentation of countries’ investments in mitigation mea-
sures and climate policy, we rely on the respective groups based on k-
means cluster analyses. The respective statistics are presented in
Table 11.

Countries with RiskPosition = 0 and RiskPosition = 1 have the lowest
pressure for nature risk management. This may provide an explanation
as to why none of the respective countries demonstrate both high in-
vestments in mitigation measures and stringent climate policies. How-
ever, given the considerable challenges that climate change and
biodiversity loss will present, even these countries should engage in
nature risk management. The protection of their natural resources
should be a compelling proposition for these nations, given that bio-
capacity and biodiversity represent the most valuable reserves. How-
ever, it is concerning that Canada, Sweden, Argentina, Australia,
Finland, and New Zealand have adopted climate policies that are not as
ambitious as would be required. Furthermore, Argentina, Australia, and
New Zealand have particularly low levels of funding allocated to miti-
gation measures. The risk of these three nations progressing too slowly
with the green transition is very high. This is of particular concern given
the vital importance of these countries in the conservation of species, as
a failure to do so could have catastrophic consequences. Consequently, it
is imperative that these nations expeditiously reinforce their environ-
mental and climate policies.

Countries classified as RiskPosition = 2 are characterised by high
levels of development, yet these nations face limitations in terms of their
biocapacity, resulting in an ecological footprint that exceeds their ca-
pacity to sustain it. It appears that the majority of these nations have
recognised the threat posed by this situation and are willing to take
measures to address it. Numerous countries have demonstrated a
commitment to mitigating the risks identified, evidenced by substantial
investments in mitigation measures, the implementation of stringent
climate policies, or a combination of both. Notable exceptions include
Ireland, Italy, Japan, Slovakia, and Switzerland (and, it could be argued,
the United States, were environmental policies to be rendered redundant
by the Trump presidency). It is recommended that policymakers in
Ireland consider increasing the investment in mitigation measures. In
the case of Japan and Switzerland, there is a necessity for the
enhancement of their respective climate policies. The policy-makers in
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Table 11
Countries nature risk position and mitigating measures.
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RiskPosition Country GBVGroup

RnDGroup

InvestmentsMitigationGroup ClimatePolicyGroup

Canada
Sweden
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Argentina
Australia
Brazil
Finland
Latvia

New Zealand
Norway
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Austria
Belgium
Denmark
France
Germany
Ireland

Italy

Japan
Netherlands
Portugal
Singapore
Slovakia
Switzerland
United Kingdom
United States
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Colombia
Czechia
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South Korea
Lithuania
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South Africa
Spain
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Italy and Slovakia must address both issues.

Among countries classified as RiskPosition = 3, the funding allocated
to RnD is inadequate, thereby impeding their pursuit of a green trans-
formation (with the notable exception of South Korea). In Chile,
Hungary and Spain, efforts are being made to compensate for this
shortfall through the issuance of green bonds. Nevertheless, the allo-
cated amounts are inadequate to sufficiently finance the requisite
mitigation measures. This situation is further exacerbated in Hungary
due to the country's lack of an ambitious climate policy. A similar weak
climate policy is observed in the case of Czechia, South Korea, and
Poland. It is surprising that the governments of these countries are
allowing the erosion of the foundation of a substantial share of their
economy, given their dependency on ecosystem services.

It appears that the governments of the majority of countries facing
the highest nature risk have recognised the severity of the threat. The
majority of nations categorised as RiskPosition =4 have adopted
comprehensive climate policies (with notable exceptions being Malaysia
and Tiirkiye). However, our analysis clearly reveals a salient issue
within this category. The funding of mitigation measures, through both
green bonds and gross expenditures on RnD, is inadequate. It is imper-
ative that policy makers and financial authorities in these countries
create the circumstances that private sector financing can fill this
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funding gap. These results align with Karolyi and Tobin-de la Puente
(2023) and Seidl et al. (2024), who advocate that a major gap still exists
between the financial resources needed to preserve biodiversity and the
funds that are currently available. However, they advance prior findings
by specifically showing which countries suffer from a more severe
funding gap, and this depends on the nature risk position of each
economy.

In general, our analysis revealed that several countries with high
biocapacity and biodiversity have to implement more stringent envi-
ronmental protections to mitigate the global risk of species extinction
and loss of natural services. These countries also lack the necessary
funding needed to ensure the implementation of the mitigation
measures.

The countries of Colombia, Chile, Mexico, South Africa, China, India,
Indonesia, Morocco, the Philippines, Thailand, and Vietnam introduced
stringent environmental policies but lack funding for mitigation mea-
sures. This is a severe problem. Fig. 1 shows the aggregate contribution
of an area to the global distribution of species of mammals, birds, am-
phibians, crabs, crayfish, and shrimps. Areas highlighted in red are of
the highest conservation importance. Areas in dark blue are of the least
importance. All the mentioned countries cover such areas of highest
conservation importance.
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Fig. 1. Rarity-weighted richness for each species calculated as the contribution of an area toward the global distribution of the species.

(Source: https://www.ibat-alliance.org/).

Fig. 2 maps the STARt scores geographically. These scores indicate
the potential contribution of threat reduction actions to reducing global
extinction risk. Threat reduction actions in light yellow areas have a low
impact on global extinction risk, whereas the impact is higher in dark
green areas. The areas in Fig. 2 in which conservation measures are
likely to have the greatest impact correspond closely to the areas of
greatest conservation importance in Fig. 1. It is imperative that envi-
ronmental protection and conservation measures be accorded the
highest priority in these areas.

6. Conclusion and policy implications

The net decrease in GDP caused by climate damages in scenario
“Current Policies” gets larger among countries with higher risk position
scores, with a statistical significance at the one percent level. This result
highlights the statistically significant positive association rather than the
causal effect from nature-risk position to GDP risk. Countries with
higher nature-risk position scores are those for which the projected GDP
losses are higher under the different scenarios.

We analyze three measures for nature risk mitigation. Funding green
projects by issuing green bonds, technological advancement through
increasing RnD funding, and more stringent environmental policy. We
find indications that these measures can increase the ecological budget
by increasing biocapacitiy and decreasing the environmental footprint,
specifically the carbon footprint by decreasing energy intensity and
increasing the share of renewable energy sources. Furthermore, RnD
funding and stringent environmental policy can decrease dependency on
nature services and increase biodiversity. Therefore, the issuance of
green bonds, RnD funding, and more stringent environmental policy
appear suitable to mitigate nature risk. This is relevant for all countries
around the world. Depending on their nature risk, countries should take
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suitable measures to decrease this risk.

The results also reveal that several countries with high biocapacity
and biodiversity will have to implement more stringent environmental
protections to mitigate their nature risk. In addition, those countries lack
funding for mitigation measures.

It is therefore vital for those countries to recognize the significance of
this high priority by implementing more stringent environmental pol-
icies and facilitating funding for environmental projects and RnD ini-
tiatives. Governments and policymakers should impose stricter
environmental regulations on enterprises and businesses, since doing so
will encourage firms to adopt clean energy sources, enhance their ability
to develop eco-friendly technologies, and promote energy efficiency.
One way to do so is by using environmental taxation, which represents
an efficient policy instrument to decrease fossil fuel use, maintain sus-
tainable development, and reduce ecological degradation. Governments
can also promote the development of eco-friendly technologies and
green innovations by imposing taxes on activities that cause harm to the
environment and increase natural resource depletion. Further, the rev-
enues collected from these taxes could be deployed to promote RnD
activities established as essential to mitigate nature risk. Government
and policymakers are advised to encourage firms to invest in RnD ac-
tivities, facilitating the use of clean energy sources, helping to develop
environmentally friendly technologies and products, and assisting in
ecosystem protection. Governments can also give subsidies to support
social entrepreneurs and provide grants for startups that focus on issuing
or using sustainable products and technologies.

Moreover, it is crucial to provide the necessary funding needed for
mitigating the global effects of climate change and biodiversity loss. A
potential solution to this issue is the establishment of a nature-positive
financial system, enabling funding by the private sector. Such a sys-
tem must be designed on a global scale and implemented with alacrity.
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Fig. 2. STARt Threat Abatement layer.
(Source: https://www.ibat-alliance.org/).

The identification of the precise mechanisms by which such a system
might operate represents a promising avenue for future research. In
addition, it is essential to strengthen the ability of the financial sector to
support biodiversity preservation. This includes creating internal units
within the financial institutions for biodiversity finance, incorporating
biodiversity into the risk management approach, and using customized
business models that answer the needs of the various sectors like agri-
culture, extractive industries, and manufacturing. Here comes the role of
customized financial products like green bonds and green loans issued to
finance biodiversity-linked projects. Specific biodiversity finance in-
struments, like green bonds, should be leveraged to improve the infra-
structure and management systems of areas like national parks and
reserves, and to provide the necessary funds required to foster transition
to a low-carbon economy.

Finally, this study might suffer from some limitations. First, the
number of countries is limited to 45 due to data availability. Future
research could involve expanding the analysis to conduct a comparative
study across several regions and more countries to better understand the
interplay between green bonds, RnD, environmental policy stringency,
nature risk, biodiversity, and ecological budget. Second, the data for
biodiversity starts from 2014. As for environmental policy stringency, it
only spans till 2020; this issue limits our ability to use more advanced
econometric techniques to analyze the long-term impacts of the three
considered factors on biodiversity. Future studies could examine how
green bonds, RnD, and environmental policy stringency influence
biodiversity over time using different empirical approaches once longer
time series become available. Third, the biodiversity and ecosystem
dependence are variables that use composite indices that condense
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complex ecological conditions and economic reliance in a single score.
These metrics use aggregation methods and can rely on modeled or
imputed estimates to fill data gaps. This can introduce differences in
data quality and cross-country comparisons. Therefore, the results are
interpreted as robust associations rather than exact causal parameters.
However, despite relying on aggregate indices, the results remain
informative, robust, and provide policy-relevant evidence.
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