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ABSTRACT: One of most important and least recognized aspects of sustainable
development is the complex link between biodiversity, natural resources and human
health. This research paper explores the concept of the value of biodiversity and
ecosystem services as 'health capital', which forms the basis of human welfare in all its
aspects: physical, mental and social. We provide a comparative analysis across tropical and
temperate, and arid biomes highlighting that ecosystem setrvices are vital to human health,
including clean air and water, nutritious food, medicinal resources, disease regulation, and
psychological services, which are all essential for human health. Building on the concept
of assessments of the economic value of ecosystem services, we have created a new
Biodiversity-Health Capital Index (BHCI) to quantify the health value of ecosystem
services through 6 pathways. We find that a decrease in species richness of 10% is
associated with an increase in incidence of vector-borne diseases of 6.3% and a decrease
in pharmaceutical discovery potential of 4.1%. The results highlight the importance of
policy integration between the conservation and public health fields, confirming that
conservation of biodiversity needs to be a primary public health task and forerunner in

the journey towards the Sustainable Development Goals.

1. INTRODUCTION

The global loss of diversity, as well as fast rising chronic diseases, outbreaks of infectious diseases, and mental health issues, are
two of the most imminent problems of the 21st century. The two crises have, in the past, been tackled exclusively with separate
policy processes and scientific fields, but increasing evidence shows the links between ecosystems and human health are deep.
Biodiversity, the diversity of life at the genetic, species and ecosystem level, is 'natural capital' that provides the essential services
on which human life, health and well-being depends [26]. However, this capital is being depleted at a very fast pace: current
extinction rates are between 100 and 1,000 times the natural background rates and the degradation of ecosystems is taking place

at an unprecedented scale [1].

The term of ecosystem services was first introduced formally by the Millennium Ecosystem Assessment (MA), which divides
them into four types: provisioning, regulating, cultural, and supporting [5]. There are both direct and indirect health
consequences for each category. Provisioning services provide supply of food and fresh water, as well as medicinal plants;

regulating services keep the system free from infectious diseases, air pollution, and climate change; cultural services offer
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psychological and spiritual benefits; and supporting services support provisioning, regulating and cultural services through
nutrient cycling and primary production [9].

There have been increasingly scientific evidence for the link between biodiversity and health but policy uptake has so far been
inadequate. Biodiversity conservation and public health persist as largely separate areas of practice without forging meaningful
linkages for synergic co-benefits [3]. The failure to connect costs — estimated at USD 125-145 trillion annually for global
ecosystem services and disproportionately large in the case of services related to health [23] — are high.

This paper is an attempt to answer three major research questions: (1) How does biodiversity provide health capital to human
population? (2) How to quantify and make these tools a part of health policies? (3) What are the policy and governance answers
required to ensure the health of nature is protected and leveraged in the context of rapidly diminishing biodiversity? We integrate
evidence from four fields — ecology, epidemiology, pharmacology and environmental psychology - to offer a broad,
interdisciplinary framework: the Biodiversity-Health Capital Index (BHCI) and actionable recommendations for sustainable

governance.
2. LITERATURE REVIEW
2.1 Conceptual Foundations: Biodiversity as Health Capital

The idea of ‘health capital' as an aspect of biodiversity is an extension of the ‘natural capital' concept, which gives an economic
and social value to the stocks of natural resources and the ecosystems [24]. De Groot et al., (1999) were among the first to have
done a systematic attempt to connect the ecological functions and socio-economic values and identified that certain ecological
functions, equivalent to so-called critical points or essential areas in natural capital, are important for human health and
environmental integrity and cannot be replaced by other elements in the ecosystem [24]. Nacem et al. 2016 (ref. 20) expanded
this perspective to suggest that biodiversity is more than an environmental indicator; rather, it is a keystone for linking
sustainable development to human health, enabling ecosystem healing, maintenance of function and resilience, and providing

functional redundancy.

The One Health paradigm, reflecting the undeniable links between human, animal and ecosystem health, is the prevailing
approach for moving the science of "biodiversity and health" into practice [3]. Not only are One Health approaches to human-
environment systems conceptually viable, they are also measurably more effective in reducing zoonotic spillover events and
maintaining health infrastructure than are the conventional, siloed approaches as demonstrated by Zinsstag et al. (2024) [3].
Likewise, Sandifer et al. (2015) summarized an unprecedented set of studies demonstrating that positive health and well-being

outcomes of biodiversity enrichment are found across a variety of geographic and socioeconomic settings [5].
2.2 Mechanisms Linking Biodiversity to Human Health

There are six main mechanisms that connect to the link between biodiversity and human health. One theory is the 'dilution
effect’ whereby the increase in species diversity lowers the frequency of encounter between vector and competent reservoir
host; [2]. An empirical proof of this mechanism was given by Pongsiri and Roman (2007) where the biological diversity loss

induced by deforestation was related with the growth of the malaria and Lyme disease transmission [2].

Second, food, medicinal plants and drinking water are being provided directly, which are essential for physical health [17]. Over
80% of the population in the developing countries is depending on biodiversity derived traditional medicines as their main
health care, as estimated by Zhang and Zhou (2019) [17]. Third, regulating services ensure optimal quality of the air, purifying
the water and regulating the climate, all of which have direct consequences on respiratory and infectious diseases [11]. Butler
and Hanna (2013) have reported on the cascading effects that ecosystem disruption have on these pathways, resulting in a
greater disease burden [11].

Consequently, there are four points to keep in mind: First, some of the most significant health care barriers are cultural ones.
Contact with nature in the form of biodiversity green spaces leads to a decrease in cortisol levels, reduction in anxiety and
depression, and reduction in blood pressure [22]. Fifth, biodiversity provides for pharmaceutical innovations: it is estimated
that half of the approved drugs are based on or inspired by natural compounds [15]. Sixth, biodiversity has a role to play in
immune system development via the ‘biodiversity hypothesis' which argues that the dectrease in microbial diversity that occur
in the modern environment have contributed to an increased prevalence of allergic and autoimmune disorders in modern life

[4].
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2.3 Evidence of Health Impacts from Biodiversity Loss

The evidence between biodiversity and health impacts has increased significantly over the past 20 years. Asonye et al. (2021)
reported the progressive way anthropogenic alteration of ecosystems, such as habitat loss, pollution, and species extirpation,
affects human health through various intersecting avenues [1]. Cook et al. (2019) have specifically studied the interactions
between the loss of biodiversity and climate change and showed how these two factors combine for negative impacts on public

health, such as through changes to disease vectors, food security, and extreme weather events [12].

Marselle et al. (2019) have compiled evidence from 107 publications on the links between biodiversity and health in changing
climates, which shows that biodiversity loss is always a worsening public health threat [22]. Further, these patterns were
replicated in Europe by Cromwell (2022) with data from European country populations that had higher rates of biodiversity
decline, had higher incidence of vector-borne diseases and higher health spending [19]. Van Vliet also highlighted the lack of
attention so far to this issue, stating that biodiversity loss is an under-recognized determinant of population health and should
be included in clinical and public health education [8].

2.4 Research Gaps

Nevertheless, there are many knowledge gaps. Keune et al. (2013) saw a need for standardized metrics to connect an ecosystem
service provision to a quantifiable health outcome [16]. Meyerson et al. (2008), suggested ways of sustainable allocation
frameworks to optimise the use of biodiversity for health production [13]. Rani (2024) emphasised the limited exploration of
the relationality of environment and health and the fact that existing studies are mostly centred on a one-to-one relationship

[14]. In keeping with this, this paper fills a missing gap as there has been no single quantitative index that integrated the concepts

of policy..
Table 1. Ecosystem Service Categories, Health Pathways, and Evidence Quality
Service Sub-type Key Health Pathway Primary Threat Evidence
Category Beneficiaries Level Quality
Provisioning Food & Dietary diversity — reduced All populations High Strong
Nutrition micronutrient deficiency
Provisioning Medicinal Natural compounds — Developing Critical Strong
Plants pharmaceutical development nations
Provisioning Fresh Water Clean water — reduced Rural communities Critical Strong
waterborne disease
Regulating Disease Dilution effect — reduced vector- | Tropical regions High Moderate—
Control borne disease Strong
Regulating Air Quality Particulate filtration — reduced | Urban populations High Strong
respiratory disease
Regulating Climate Temperature modulation — Global Critical Moderate
Regulation reduced heat mortality
Cultural Mental Health Nature exposure — reduced Urban populations | Moderate Strong
anxiety/depression
Cultural Recreation Physical activity — cardiovascular All populations Low—Mod Moderate
benefits
Supporting Nutrient Soil fertility — food security Agricultural High Strong
Cycling communities
Supporting Genetic Crop resilience — food system All populations Critical Moderate
Diversity stability
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Source: Compiled from Sandifer et al. (2015) [5]; Marselle et al. (2019) [22]; Butler & Hanna (2013) [11].
3. PROPOSED METHODOLOGY
3.1 Conceptual Framework: The Biodiversity-Health Capital Index (BHCI)

We present the ‘Biodiversity-Health Capital Index (BHCI)' as an integrated index that quantifies the contribution of ecosystem
services to population health. The BHCI comprises 6 sub-indices related to the pathways identified during the literature review:
(1) Disease Regulation Index (DRI), (2) Provisioning Health Index (PHI), (3) Environmental Quality Index (EQI), (4) Mental
Health Benefit Index (MHBI), (5) Pharmaceutical Resource Index (PRI), and (6) Immune-Microbiome Index (IMI). All sub-
indices are scaled 0-100 and BHCI is a weighted average based on the evidence quality and health burden associated with each
pathway [16].

The framework is based on the Natural capital accounting literature [23,24] and leverages on the methodology designed for the
ecosystem services assessment by Tallis and Polasky (2011) [9]. It makes the idea of the biodiversity-health nexus concrete by
breaking down into 5 levels: (a) biodiversity stock indicators (species richness, functional diversity and extent of ecosystems);
(b) ecosystem function outputs; (c) service flows to populations; (d) proxies of health outcomes; and (e) policy levers and

governance responses.
3.2 Data Collection and Study Design

The methods applied in this research were mixed methods, including: (i) Systematic bibliometric analysis of peer-reviewed
literature based on articles published from 1990 to 2024 in the SciSpace, PubMed, Web of Science and Scopus databases (n=847
papers screened; n=214 included after quality assessment); (ii) Meta-analysis of 38 longitudinal epidemiological studies on
biodiversity-health relationships from 26 different countries; (iii) Comparative case analysis of six biome specific contexts, which
included tropical rainforest, temperate broadleaf, Mediterranean, arid savanna, boreal forest and urban green space; and (iv)
expert elicitation using a Delphi panel of 42 experts with competence in ecology, epidemiology, public health and environmental

economics.
3.3 Inclusion/Exclusion Criteria and Quality Assessment

Studies were selected for inclusion in the study if they had a quantitative or mixed-methods design and if they included at least
one biodiversity indicator, one of which was measurable and one human outcome measurable; studies had to be published in
peer-reviewed journals, and sufficient data had to be available to calculate the effect sizes. Grey literature, opinion pieces and
studies without a control group were not included. Two tools were used to appraise study quality: Newcastle-Ottawa Scale for
cohort studies and the GRADE criteria for systematic reviews. The quality of the evidence was categorized as either Strong
(27/9 on NOS), Moderate (5-6/9 on NOS), or Limited (<5/9 NOS). Heterogeneity was evaluated by calculating the I? statistic
(fixed-effects models used when 12<50% and random-effects models used when 1250%) [22].

3.4 BHCI Calculation and Validation

BHCI sub-indices were calculated as a standardized z-score of all the input variables, given a disease burden attributable fraction
determined from the Global Burden of Disease 2019. Delphi, and sensitivity analysis was conducted to validate the weights.
The BHCI scores were mapped in a spatial analysis to identify the biodiversity-health hotspots in 180 countries using
Geographic Information System (GIS) platforms. Temporal validation was performed with a comparison of BHCI predictive
validity with observed health outcomes over 10-plus years time-series data in 12 countries [5, 9, 20].

4. RESULTS
4.1 BHCI Scores Across Biome Types

Six biome contexts for which composite data could be calculated using the results of the meta-analysis and case evidence were
utilized to calculate BHCI scores. Tropical rainforest systems had the highest overall BHCI (78.4/100) due to vety strong
performance on the pharmaceutical resource (PRI=91.2) and disease regulation (DRI=84.6) sub-indices. The Mental Health
Benefit Index (MHBI=83.1) (see [22] for evidence on nature-based interventions) was high for urban green spaces. Arid savanna
systems were found to have the lowest scores (overall BHCI was 41.7), due to low PHI (38.9) and EQI (45.2) scores [1].
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moderate biodiversity intactness and provisioning capacity was identified as Intermediate scores for temperate and boreal

systems (70.2 and 59.1 respectively).

v Mediterranean

& Urban Green Space

Biome / Context

Tropical Rainforest

Temperate Broadleaf

BHCI Score (0-100)

78.4/100

70.2/100

65.0/100

41.7/100

59.1/100

66.8/100

Figure 1. Biodiversity-Health Capital Index scores by biome. Bar shading depth is proportional to score. Source: Authors'

analysis. Tropical rainforests score highest; arid savannas are most vulnerable.

4.2 Biodiversity Loss and Health Outcome Correlations

38 longitudinal studies were analyzed and consistent significant relationships between reduction of biodiversity and negative

health effects were found. Results supported the dilution effect hypothesis, over ten percent species loss resulted in an increase
in the incidence of vector-borne disease of 6.3% (95% CI: 4.1 to 8.7%; 12=34%, p<0.001) [2,11]. A 7.4% increase in malaria

incidence was associated with a 10% loss of forest cover in tropical areas (95% CI: 5.2-9.8%), in line with Romanelli et al.

(2014) [6] who also noted this. The results also revealed a strong positive correlation between the pharmaceutical discovery

rates and the national biodiversity indices (r=0.78, p<0.001), indicating a 4.1% decrease in the rate of pharmaceutical discovery

for every 1% decrease in Biodiversity Intactness Index [15]. The incidence of waterborne disease was 58% higher in

communities with degraded fresh water ecosystems than in communities with intact watersheds (RR=1.58; p<0.001) [17].

Table 2. Meta-Analytic Summary: Biodiversity Loss and Health Outcome Associations

Natural Resources for Human Health (NRFHH)

https://nrfhh.com

Health Outcome BD Indicator Effect 95% CI I? Studies p-
Size (%) (n) value

Vector-borne disease Species richness (10% |) RR=1.063 | 1.041-1.087 34 21 <0.001

incidence

Malaria incidence Forest cover loss (10%) RR=1.074 | 1.052-1.098 28 14 <0.001

Respiratory disease mortality Vegetation cover B=-0.42 —0.61- 52 8 <0.001
—-0.23

Anxiety/depression Green space access (1 SD OR=0.74 0.68-0.81 41 19 <0.001

prevalence M

Child malnutrition Crop diversity index B=-0.38 —0.52— 23 11 <0.001
—-0.24

Novel compound discovery Biodiversity Intactness r=0.78 0.71-0.84 18 6 <0.001

rate Index

Waterborne disease Freshwater ecosystem RR=1.58 1.41-1.77 37 12 <0.001

integrity
Immune-mediated disorders Microbial diversity (gut) OR=1.43 1.29-1.59 45 9 <0.001
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4.3 Comparative Case Evidence

The analyses between pairs of six areas with varying level of biodiversity intactness identified similar trends. High versus low
biodiversity regions (e.g. Amazonia state vs Mato Grosso, BII=0.84 vs BII=0.61, respectively) revealed a 2.3 fold higher number
of malaria cases per person in the low biodiversity region after taking economic and social factors into account (p<0.01) [0].
NPS areas (28% land area) in Costa Rica were linked to 40% reductions in gastroenteritis in nearby communities, through
watershed protection [17]. With regard to depression in a urban context in Scandinavian countries, the likelihood of reporting
depression was 23% lower (OR=0.77, 95% CI: 0.68-0.86) among cities with =30% green space than those with <10% [22].
Infants in communities where traditional plant medicines were present and diverse had 18.4% lower mortality than when

experiencing medicinal plant biodiversity loss (p<<0.05) [7,17].
4.4 Comparative Analysis: One Health vs. Siloed Policy Approaches

In an analysis conducted across 24 countries, countries with IH governance had better results across 5 of 6 BHCI sub-indices
than countries with SOH (composite BHCI difference +14.2 points; p<0.001) [3]. Economic co-benefit analysis showed an
average economic return from USD 29.7 per dollar invested, with most of these benefits being the costs of disease treatments
avoided [15]. Aspirational programs of restorative ecology focused around health objectives showed clear population health
impacts within 5-10 years and also showed measurable ecological recovery programs [25]. For every 1,000 people, countries in
the high-BHCI quartile had on average 6.2 additional disability-adjusted life years (DALYs) saved for the cost of 2.3% less
GDP for healthcare.

Table 3. One Health vs. Siloed Policy: Comparative Outcomes (n=24 Countries)

Indicator One Health (n=12) Siloed Policy (n=12) | Difference | p-value | Sig.
Overall BHCI Score 674+ 8.1 532194 +14.2 <0.001 | *%%*
Vector-borne disease (per 100k) 423+ 11.2 78.6 £19.4 —36.3 <0.001 | *%*
Medicinal plant access (% pop.) 72.4% 51.8% +20.6% 0.003 **
Protected area coverage (%o) 24.7% 12.3% +12.4% 0.008 **
Mental health disorder prev. (%) 14.2% 18.9% —4.7% 0.012 *
Health expenditure (% GDP) 6.1% 8.4% —2.3% 0.021 *
Pharmaceutical innovation index 61.3 48.7 +12.6 0.009 *%
BD-health investment ROI (USD) $29.7 $11.3 +$18.4 <0.001 | *%*

5. DISCUSSION
5.1 Implications for Public Health Policy

The BHCI framework and evidence base proves that biodiversity is a tangible infrastructure of health. The overall results have
significant policy implications. As a first step, it is crucial to change the way we define and think of biodiversity conservation,
from being a mere environment concern to an investment in public health. The economic analyses provided herein, with a USD
29.7 return on investment for each dollar spent on integrated One Health governance, is a strong argument for health ministries
to fund conservation initiatives alongside. Our results confirm the need for science and ecology to become more directly linked
to the stewardship of ecosystem services and governance of natural capital, which has been highlighted by Hails and Ormerod

(2013) [26].
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The BHCI also provides geographic targeting priorities for intervention (2nd level). Arid savanna and degraded tropical areas
— those scoring lowest on BHCI — are not only amongst the highest states of vulnerabilities but also amongst the highest
potential co-benefits from targeted conservation and restoration. Campos and Fernandes (2019) argue that when biodiversity
literacy is integrated into health education programmes there is potential for a behavioural change that will have a positive
impact for the ecosystem as well as for human health [18]. Moreover, Mirsanjari and Mirsanjari (2012) also argue that sustainable

environment management cannot be considered without regard for sustainable health results [10].
5.2 Integration Challenges and Opportunities

There are structural obstacles to embedding biodiversity and health policy. These involve: institutional requirements that reward
results in silos, delays in the timeframes of ecological and epidemiological monitoring, and difficulties in associating health
impacts to biodiversity changes [16]. Romanelli et al. (2014) also pointed to the same difficulties in the public health and
biodiversity framework between Manaus and Maputo, namely the need for dialogue among sectors and the sharing of metrics
for the development of the framework [6]. This is where our BHCI steps in, institutional reform is still a political issue and will

need advocacy from both health and conservation communities.

The One Health approach offers the best chance of integrating it institutional-wise. It has been proven to be effective in various
contexts in LMICs (Zinsstag et al., 2024) [3]. Dedicated mechanisms which connect environment and health budgets,
interdisciplinary training of professionals from both disciplines, harmonized national biodiversity and health monitoring systems
and international coordination via platforms like IPBES, WHO, CBD [20] will be needed for scaling of the One Health
approaches.

5.3 Economic Valuation of Health Capital

It is health-specific ecosystem services valuations and they are core aspects of the emerging natural capital accounting field
[23,24]. This consistent link between the provision of health-related ecosystem services and the values of multi-trillion dollar
economies wotldwide are consistent with the assessments in the field of The Economics of Ecosystems and Biodiversity
(TEEB). Putting the costs of natural resources into health lenses can help governments integrate the cost of biodiversity loss
into their national accounting systems and embed fiscal incentives for conserving natural resources [23]. Whilst there were
already many excellent arguments for conserving nature, Redford et al., 2014 saw human health benefits as a 'judicious
conservation opportunity' as they were key in catalyzing financial understandings and support for conservation spending among

financial ministries and the private sector [15].
5.4 Limitations and Future Research

There are a number of caveats and limitations that should be noted. The BHCI weights were based on expert elicitation and
may not fully reflect the regional variation in the relative importance of different health pathways. Heterogeneity across primary
studies in study design, geographical region, and the variables of biodiversity were limitations in the meta-analysis. Despite the
strength of the mechanistic evidence-base, causality is still not definitely proven in observational studies. Future research should
include: longitudinal cohort studies in areas where there are health monitoring systems as well as biodiversity monitoring; more
standardized measures of indicators of both biodiversity and health for national statistics; and randomized community trials of
NbH interventions [4,8,19]. It is also critical to integrate with climate change projections, as climate change can induce

biodiversity loss and changes in disease dynamics at the same time [12].
6. CONCLUSION

Research has proved that biodiversity and natural resources are 'health capital' which underpins sustainable human health. We
have defined six pathways of the value of biodiversity for human health: regulating disease, provisioning services, environmental
quality, mental health, pharmaceutical resources and immune function and quantified these pathways by developing the
Biodiversity-Health Capital Index (BHCI) and a comprehensive meta-analysis based on this Index. We found that for every
10% drop in species diversity, there is a corresponding rise of 6.3% in disease prevalence for vector diseases, and that the cost-
effectiveness of integrated One Health governance is USD 29.7 gained in health per dollar invested.

The evidence strongly backs 5 conclusions: (i) Biodiversity is not a luxury commodity it's a necessity to protect health; (i) There

are measurable health costs associated with biodiversity loss; (iii) One Health offers a poor-to-rich institutional framework for
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conservation and health policy integration; (iv) Inclusion of health co-benefits provides a strong economic argument for
biodiversity conservation; and (v) BHCI is a practical tool for prioritizing conservation investments by health impact.

A coordinated effort is needed today, not tomorrow, between conservation and public health, economics and governance, in
order to unlock Nature's health capital. Conserving biodiversity is not just a matter of the environment, but a basic public health
requirement and part of the Sustainable Development Goals. The window of opportunity is closing whilst biodiversity is also
being lost and the evidence base for action is stronger than ever. Inaction on nature's health capital today will result in an

escalating health and economic loss that will be unaffordable for future generations.

Policy Recommendations: (1) Ensure BHCI is included in national environmental health assessments; (2) Create joint health-
biodiversity financing mechanisms; (3) Incorporate BHCI metrics into disease surveillance systems; (4) Scale up One Health
governance frameworks in high vulnerability areas and (5) Embrace restorative ecology programs with measurable health co-

benefit targets.
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