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Bridging soil biodiversity and human well-being:
An actionable framework to measure links
between the natural capital and plural value of soils
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SUMMARY

Human activities contribute to soil degradation globally, endangering life belowground and services like food
production and climate regulation. To reverse this situation, an actionable framework to connect soil health
and soil biodiversity status with human well-being, integrating the biophysical, economic, and social domains,
is urgently needed. Here, learning from previous generalist and soil-specific frameworks, we introduce the Soil
Biodiversity and Well-being Framework, which creates the conceptual architecture to quantifiably link soil nat-
ural capital with human beneficiaries, soil management, environmental pressures, and societal responses.
Furthermore, we outline the requirements for its operationalization, based on a flexible set of measurable indi-
cators for soil natural capital assets, plural valuation of soil-mediated nature’s contributions to people, and hu-
man well-being. The implementation of the framework by multiple stakeholders (e.g., scientists, farmers, or pol-
icymakers) can generate the multidimensional and quantitative evidence to support action toward
transformative change for sustainable soil management and soil biodiversity conservation.
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Soils, the foundation of life belowground, are under severe
threat.” Soil biodiversity represents almost 60% of planetary
species’ and supports essential functions and services such
as nutrient cycling, food production, and climate regulation.
However, unsustainable soil management practices and other
anthropogenic impacts, such as human-induced climate change
and land degradation (e.g., chemical pollution and deforesta-
tion), pose a serious menace to soil biodiversity and soil-medi-
ated nature’s contributions to people (NCP)—the contributions
of live nature to people’s quality of life.>* Loss of soil biodiversity
threatens soil functions, endangering the sustainability of human
societies.® Despite its significance, assessing the consequences
of human actions on global soil environments for human well-be-
ing remains challenging, primarily due to a persistent disassoci-
ation between soil natural capital data (e.g., soil physiochemistry
and soil biodiversity) and socio-economic indicators across
spatial and temporal scales. This gap restricts the development
and implementation of effective long-term biodiversity-based
solutions for soil ecosystems, as required by the plan of action
2020-2030 for the International Initiative for the Conservation
and Sustainable Use of Soil Biodiversity.® While recent policy ef-
forts, such as the proposed European Union (EU) Soil Monitoring
Law, aim to establish harmonized soil health monitoring frame-
works,” and initiatives like Land Use and Coverage Area frame
Survey (LUCAS) and Soil Biodiversity Observation Network
(Soil BON)®° are beginning to provide standardized data on
soil properties and biodiversity, their efforts are not designed
to capture the socio-economic consequences of shifts in soil
health. Bridging this gap is essential for empowering stake-
holders—from landowners to policymakers—to make informed
decisions that support the sustainable use and conservation of
soil resources.'®

The Kunming-Montreal Global Biodiversity Framework''
points in this direction, aiming to manage biodiversity sustain-
ably and value, maintain, enhance, and restore NCP across
key ecosystems. Despite soils being the foundation for many
of the positive effects of nature protection, most conceptual
frameworks aimed at guiding conservation and management
usually disconnect soil biodiversity and related ecosystem func-
tions from mainstream nature conservation. Soils are framed
almost exclusively as a driver of food production, rather than
recognizing their broader contributions to ecosystem resilience
and human well-being.’® Hence, the focus of the Kunming-
Montreal Global Biodiversity Framework on NCP demands a
conceptual framework tailored specifically to soil ecosystems
and also incorporates measurable indicators that integrate the
biophysical, economic, and social dimensions. In particular, a
harmonized, soil-specific framework that is both conceptual (i.
e., capturing the complex links between soil natural capital and
soil-mediated NCP through plural valuation approaches) and
actionable (i.e., including environmental, economic, and social
measurable indicators and metrics) is currently lacking.

To address this need, we introduce the Soil Biodiversity and
Well-being Framework (SBWF), a conceptual and practical tool
to structure the evidence on the links between soil management,
soil natural capital, soil multifunctionality, soil-mediated NCP,
and human well-being. It links the Kunming-Montreal Global
Biodiversity Framework targets with soil environments, clarifying
our understanding of the plural values that individuals and com-
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munities hold about soils and the connections with human well-
being. It, therefore, supports efforts to overcome systemic bar-
riers and drive transformative change toward mainstreaming
sustainable soil management and restoring soil health and biodi-
versity in natural, managed, and degraded soils."*

The SBWF builds on relevant conceptual frameworks and
participative methods to identify and agree on the main compo-
nents to be represented in the SBWF and the links between
them. The conceptual component of the framework incorporates
the central role of soil biodiversity, a key component of soil nat-
ural capital, for the provision of soil-mediated NCP, considering
beneficiaries and their preferences in determining the value of
each NCP. It also includes the influence of external forces and
drivers on both soil attributes, soil-mediated NCP, and benefi-
ciaries’ preferences. The actionable component of the SBWF
outlines specific metrics and measurable indicators for each
conceptual category of the framework.

The SBWF was developed to address the following research
questions: (1) how soil biodiversity, in combination with other
soil natural capital assets, underpins NCP and human well-be-
ing; (2) how human-derived actions impact soil biodiversity,
soil-mediated NCP, and human well-being; (3) what land and
soil management practices enhance soil health, soil biodiversity,
and the delivery of human well-being from NCP; and (4) what re-
sponses (behavioral and institutional) improve the sustainable
use of soil biodiversity, protect soil multifunctionality, and in-
crease economic, social, and environmental well-being. There-
fore, the SBWF holds the potential to become a standard for
future global soil assessments by international initiatives, such
as the FAO’s Global Soil Partnership.

THE CHALLENGE OF LINKING SOIL CAPITAL AND
WELL-BEING

Several existing conceptual frameworks were reviewed and
matched to our research questions in terms of (1) the role of
(soil) biodiversity as a crucial structure of the natural capital for
the delivery of NCP and (2) proper valuation of soil-mediated
NCP. In parallel, the elements worth incorporating into the
SBWF were also identified. The review was limited to studies
that had developed (1) general conceptual frameworks focusing
on the links among biodiversity and/or natural capital,
ecosystem services (ES) and/or NCP, and human well-being
(i.e., not targeting any ecosystem in particular) and (2) concep-
tual frameworks including soils and soil biodiversity to some
extent (Figure 1).

Biodiversity in ES/NCP general conceptual frameworks
Many of the general ES/NCP conceptual frameworks include the
characteristics of the ecological and socio-economic systems.
However, the role of biodiversity within an ES framework has his-
torically caused controversy.'®'® The controversy primarily con-
cerns whether biodiversity can only be considered as an under-
pinning component for all service delivery or whether biodiversity
or individual species can be a component of a final service (i.e.,
can be directly valued).""”

The Millennium Ecosystem Assessment pioneered the con-
ceptual interlinkage between indirect and direct biodiversity
change, ES (provisioning, regulating, cultural, and supporting
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Figure 1. Timeline of the most relevant conceptual frameworks contributing to the SBWF
At the top (generalist; green color boxes) and bottom (soil-specific; brown color boxes) of the figure are the chronological appearances of the most important and
common ideas to different conceptual frameworks (orange color boxes) and how they lead to the most important knowledge gaps today (pink color boxes).

services), and categories of human well-being.'® Therefore, the
Millennium Ecosystem Assessment puts biodiversity in the cen-
ter of the delivery of ES (Figure 1). After this, new conceptual
frameworks emerged, with different views about the relation be-
tween biodiversity and ES.'®?° The Economics and Ecology of
Biodiversity defined “biodiversity” as “the sum of organisms,
including their genetic diversity and the way in which they fit
together into communities and ecosystems.” This central role
of biodiversity is maintained in the more recent conceptual
framework by the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES).?" In addition,
the “biodiversity” described by The Economics and Ecology of
Biodiversity also fits into the concept of natural capital stock,
adopted by the Natural Capital Metrics framework,?? therefore
drawing a parallel with the limited stocks of physical and biolog-
ical resources found on earth.

However, these frameworks have been rarely applied in real
soil environments, and when applied, even though soil biodiver-
sity is crucial for the delivery of ES/NCP in these ecosystems, it
has been unassessed. For example, in studies applying the
Economics and Ecology of Biodiversity for agricultural land-
scapes in Africa and Europe, biodiversity was solely repre-
sented by vegetation and birds.?>?* This underestimates the
importance of soil biodiversity in the delivery of ES/NCP in
terrestrial ecosystems and its relationship with other soil natural
capital assets, thus strongly highlighting the need for soil-spe-
cific ES/NCP conceptual and actionable frameworks, with clear
and precise indicators to monitor soil natural capital, including
soil biodiversity.

Drivers of ES/NCP in general conceptual frameworks
The Millennium Ecosystem Assessment also defined external
forces as direct and indirect drivers of change in social-ecolog-
ical systems. Later, other conceptual frameworks better
explained the feedback relations among drivers of change,
biodiversity, ES, and human well-being.?* ' However, these
frameworks have been rarely applied to assess the impacts of
drivers and/or pressures in real soil environments. For example,
one of the only studies that applied the IPBES framework in real
soil environments used published data to identify the driving fac-
tors and consequences associated with changes in deltaic
soils.®? Although the IPBES framework was useful in detecting
how changes could impact different NCP, the work concluded
that not all NCP were equally covered in the literature and that
most studies lacked assessment of quality of life. Furthermore,
there was no mention of soil biodiversity. This example highlights
the limits of generalist ES/NCP frameworks to increase our
knowledge on the impacts of drivers on soil biodiversity and
the potential cascading effects on the delivery of NCP and hu-
man well-being.

The role of people in conceptual frameworks

The framework for ecosystem service provision includes the
vision that ES and human well-being happen within social-
ecological systems, an idea not included in the precedent con-
ceptual frameworks®® (Figure 1). It included the role and attri-
butes of ES beneficiaries as relevant actors to ES supply. It
also incorporates mechanisms of either mitigation or adaptation
to environmental change through the effect of response

One Earth 8, August 15, 2025 3




- ¢? CellPress

strategies (management). In the same direction, the Natural Cap-
ital Framework for sustainably efficient and equitable decision
making recognized the importance of considering decision-led
changes (e.g., policy) over a defined period of time on the natural
capital status.?® The GEO BON conceptual framework?’ defined
that services come about through both supply and benefit and
are not strictly linear.

These concepts are merged in the Natural Capital Metrics
framework,>” focused on evidencing the linkages between sus-
tainable management of natural capital assets and the people
who benefit from them, and emphasizes the multidirectional in-
terrelationships between (1) the natural world (assets); (2) the as-
pects of the natural world that impact on human well-being (ES
and disservices); (3) the humans who receive these impacts
(beneficiaries); (4) internal pressures; and (5) external drivers
within a social-ecological system. Next-generation frameworks
started questioning the instrumental vs. intrinsic value of the
ES dichotomy, fueling the development of diverse/plural valua-
tion of ES/NCP.

The interaction between people and the environment, being a
fundamental requirement of ES/NCP delivery, has been clearly
articulated in several studies,®® but the principle has rarely
been tested. A notable attempt to model these relationships
was based on public responses to the aesthetics of planted
urban wildflower meadows.®* The retrospective analysis
concluded that typically there is a failure to measure suitable var-
iables, particularly those relating to human elements of the sys-
tem, and that guiding frameworks are necessary to inform
appropriate data collection.

ES/NCP value in general conceptual frameworks
An early criticism of the Millennium Ecosystem Assessment was
that the typologies of ES did not reliably differentiate between
services, functions, or benefits, thereby hampering valuation ap-
proaches.®® The first ES cascade framework distinguished more
clearly between biophysical structures or processes (e.g., net
primary production), functions (e.g., biomass), services (e.g.,
harvestable products), and benefits in terms of value (e.g., will-
ingness to pay for harvestable products), linking ecological pro-
cesses with elements of human well-being following a pattern
like a production chain."®

The first framework to explore the concepts of plural values
was The Economics and Ecology of Biodiversity, which acknowl-
edged the distinction between ecological, socio-cultural, and
economic benefits and values. As a result, the conceptual frame-
work of the IPBES, due to its inclusive nature, required the
consideration of multiple value systems,®' termed plural values.
A major distinction adopted in the IPBES framework was be-
tween intrinsic values and anthropocentric values, including
instrumental and relational values, needing multidimensional
valuation approaches, not only focused on economic terms
(Figure 1). The IPBES framework kept biodiversity and drivers
of change as key players in the delivery of NCP. The NCP
concept embraces but goes beyond the ES approach, empha-
sizing that culture is central to all the links between people and
nature.®® However, the application of the IPBES framework
with respect to soil environments is still infrequent. When it is
applied, studies using exclusively economic or socio-cultural
valuation methods are the most common,®”~*° thus underesti-
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mating the plural value of NCP. Furthermore, a large heterogene-
ity of valuation methods for each NCP exists, hampering compa-
rability and stressing the need for a harmonized framework.

Limits of ES/NCP general conceptual frameworks

for soil

In the literature, although the Millennium Ecosystem Assess-
ment, The Economics and Ecology of Biodiversity, IPBES, and
other conceptual frameworks offer a foundational guide, their
broad approach lacks specificity for soil ecosystems, especially
in the context of international initiatives such as the Global Soil
Partnership. Therefore, there remains a strong need for concep-
tual clarity around soil aspects and the links between them. This
conceptual clarity can only be defined through specific ES/NCP
conceptual frameworks for soils, with the capacity to measure
their plural value. This is crucial because the outcomes of trans-
formative actions, in terms of improvements in soil protection
and health, will depend on how society perceives the benefits
obtained from soils.

Moving beyond conceptual clarity, there is a need to track the
performance of new policies and transformative interventions,
such as the EU Soil Monitoring Law. Therefore, we need to define
and harmonize measurable indicators. This allows us to quantify
the status of soil natural capital (including soil biodiversity),
pluralize the impacts of human actions on soil-mediated NCP,
and link it to categories of human well-being. This detail requires
a soil-focused framework since natural capital assets are very
ecosystem-specific, as well as the type of benefit delivered to
society.

Specific conceptual frameworks linking soil and ES/NCP
As a consequence of the limitations of generalist frameworks to
tackle soil ecosystems and the specific benefits that society ob-
tains from them, soil-specific ES/NCP conceptual frameworks
have been developed since the beginning of the 215t century
(Figure 1). However, an increased consideration of soil, its biodi-
versity, and the services it supplies came to prominence in the
late 20™ century.*® Multiple articles that explored the links be-
tween soil biodiversity and ES followed,*'° contributing to the
development of conceptual frameworks focusing on soil and
soil biodiversity and its links to ES.°"° The first attempt was a
simple framework linking soil biota, soil processes, and soil-
mediated ES but omitted the impacts of drivers of change on
soil biodiversity and other soil natural capital stocks and the ef-
fects on human well-being®' (Figure 1).

Later, the Natural Capital and ES framework went beyond this
first attempt by connecting five main components: (1) soil natural
capital (physical, chemical, and biological soil properties); (2) the
processes behind soil natural capital formation, maintenance,
and degradation; (3) anthropogenic and natural drivers of soil
processes (e.g., management and erosion); (4) provisioning,
regulating, and cultural soil-mediated ES, as products of multiple
processes; and (5) human needs fulfilled by soil-mediated ES>?
(Figure 1). However, the Natural Capital and ES framework did
not include specific indicators for soil biodiversity or harmoniz-
able methodologies to assess other soil-related natural capital
assets and did not describe valuation methods for the multidi-
mensional benefits of soil-mediated ES/NCP for human
well-being. Thus, these omissions limited the creation of the
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The whole social-ecological system is represented at different scales, with the purple dashed line representing largely external drivers and pressures (mustard
yellow box) and the green dashed line representing the field to landscape scale at which management decisions tend to be made. The blue dashed line in-
corporates the intrinsically linked ecological system of natural capital assets (light brown box), and the socio-economic system includes the beneficiaries (purple
box), who shape the demand for services. Together, the natural components and beneficiaries define the services and benefits to people (Nature’s Contributions
to People; blue box). Responses (brown box) represent direct and indirect adjustments within the social-ecological system, which may influence any part of the

system, including operational scale and land management (green box).

required evidence to link these soil-related categories to pro-
mote soil protection and transformative change.

To partially solve this methodological gap, frameworks were
developed with the aim of understanding the economic value
of soil biodiversity and soil-mediated ES.5*°* Although these
frameworks represented a step forward in the conceptualization
of the relationship between soil biodiversity and human soci-
eties, the studies using them underestimated the non-economic
value of soils and soil biodiversity®>°° (Figure 1).

As a conclusion to this section, we found three major chal-
lenges in relation to conceptual frameworks connecting soil nat-
ural capital and human well-being. First, many current soil-spe-
cific frameworks only consider how soils underpin NCP and
human well-being from an economic standpoint. This limited
conceptualization underestimates the role of different types of
values in determining the status of human well-being. Therefore,
new frameworks considering plural valuation of soil-mediated
NCP are required to correctly depict the real social-ecological
relationships between soils and human societies, and synergies
and trade-offs between the ecological, economic, and social
spheres. Second, the more generalist frameworks are useful
tools for understanding the plural valuation of NCP in social-
ecological systems. Unfortunately, they lack the required speci-
ficity to accurately define and quantify the links between soil nat-

ural capital properties and functions to deliver soil-mediated
NCP, including the role of soil biodiversity within those pro-
cesses. Finally, none of the frameworks shown in this section
included specific and measurable indicators that were suffi-
ciently specific for soil. This strongly limits our capacity to track
the progress of the impact of societal responses on soil, soil
biodiversity status, and the multidimensional delivery of NCP.

THE SOIL BIODIVERSITY AND WELL-BEING
FRAMEWORK

The SBWEF directly responds to the three major challenges found
in conceptual frameworks linking soils and benefits for human
societies. It builds on previous generalist and specific frame-
works to create a unique framework with the potential to
accurately connect soil natural capital with the plural values of
soil-mediated NCP, including measurable indicators for each
conceptual category. Thus, it provides a comprehensive
approach for structuring and integrating evidence for use by in-
ternational initiatives and other relevant actors, thereby promot-
ing the incorporation of soil biodiversity into conservation policy
actions (Figure 2). This conceptual and actionable framework
identifies, defines, and describes the elements, processes, and
attributes related to soil management, soil natural capital, soil
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multifunctionality, NCP, and well-being and the linkages be-
tween them, assigning specific and measurable indicators.

The SBWF, co-created through participative methods, facili-
tates quantification of the environmental, economic, and social
costs of maintaining unsustainable soil management strategies
in natural and managed soils, amid escalating climate change
and land (soil) degradation. The co-creation process was initi-
ated by a participatory online workshop. This was attended by
stakeholders from 25 institutions chosen to represent a variety
of organizational types covering academia (universities and
research centers), global initiatives, enterprises, and farmer
and nature associations, and to encompass a range of expertise
(e.g., ecology, soil science, economics, sociology, agronomy,
climatology, communication, and engagement). The workshop
introduced the preliminary components of the SBWF, their defi-
nitions, and interactions. It also included interactive sessions to
further develop the conceptual and actionable framework,
including indicators and methodologies to assess them. Several
cycles of iteration were carried out with these core stakeholders,
who constitute the co-authors of this manuscript, to define and
agree on the final version of the SBWF (Figure 2). This was sup-
plemented by group or bilateral consultations with other stake-
holders from academia, biodiversity networks, farmers, land-
owners, the agricultural sector, policymakers, community
leaders, national laboratories for soil science, relevant govern-
ment agencies, and intergovernmental organizations, such as
the Global Soil Partnership and the Global Soil Biodiversity Initia-
tive. This helped to increase the potential of the SBWF to
become the future global standard for assessing soil biodiversity
and its importance in planetary and human well-being.

The SBWF builds strongly on the Natural Capital Metrics
conceptual framework. Adaptations have been made to
make the framework specific for soil ecosystems and better
reflect the key contributions of soil biodiversity and soil man-
agement to sustainability, resilience, and well-being. The
SBWF follows the Millennium Ecosystem Assessment and
The Economics and Ecology of Biodiversity in considering
soil biodiversity as central for the delivery of ecosystem func-
tions, although it recognizes that biodiversity has a greater or
lesser role depending on the soil processes. The SBWF addi-
tionally considers soil properties and processes as the build-
ing blocks of functioning soils, and emphasized that the inter-
actions between structure and processes may be physical
(e.g., water infiltration), chemical (e.g., redox processes), or
biological (e.g., mineralization). For example, redox processes
are crucial to explain the leaching behavior of chemical pollut-
ants present in soils.”’

The SBWF defines a single specific social-ecological system
(blue dashed line; Figure 2). It is divided into an ecological sys-
tem, comprising natural capital assets, and a socio-economic
system, which consists of the beneficiaries of soil-mediated
NCP. Soil-mediated NCP is provided at the intersection of the
ecological and socio-economic systems. This is a sub-compo-
nent of the entire social-ecological system (purple dashed line;
Figure 2).

The SBWEF uses the conceptual framework of NCP proposed
by the IPBES to acknowledge the diversity of nature’s values.
It recognizes variation in soil biodiversity and its ability to deliver
NCP and well-being across the social-ecological system. lts
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distinctive feature is adaptability, allowing customization to the
specifics of each social-ecological context. NCP results from
the dynamic interplay between the ecological part of the so-
cial-ecological system and the socio-economic and socio-cul-
tural dimensions (beneficiaries and their demands). The SBWF’s
capability to navigate these complexities makes it a distinct
asset for promoting effective soil conservation.

In relation to the external forces affecting the social-ecological
system and building on the framework for ecosystem service
provision, the SBWF has adapted a drivers/pressures box to
contain drivers of change at the global/national level (e.g.,
climate change and land degradation). It also contains a new
land management box to reflect the importance of sustainable
soil and land management interventions, represented as external
forces, at a field/landscape level. In addition, the “responses”
box includes measures from the social-ecological system to
counteract the negative impacts of external forces. The content
of Figure 2, all the boxes of the SBWF diagram, is comprehen-
sively explained below.

Natural capital assets

Natural capital assets (Figure 2) encompass the attributes of
soils and ecosystems delivering NCP (Table 1), which are cate-
gorized into properties (incorporating extent, stock, and condi-
tion) and functions (which define processes): (1) “extent” quan-
tifies the area of habitat or soil type; (2) “stock” measures
quantity of matter and is subdivided into abiotic and biodiversity
stocks (e.g., soil organic matter and total soil microbial biomass,
respectively); (3) “condition” describes stock quality and struc-
ture and is both context-dependent and function/NCP-specific.
For example, a given level of an attribute, such as soil pH, may
constitute high quality for one function but low for another, or
the level of degradation of soil quality due to chemical pollution
will be dependent on the type of pollutant (e.g., organic vs. inor-
ganic pollution); and (4) “functions” are expressed as fluxes or
rates, covering vital soil processes, such as decomposition or ni-
trogen mineralization. Thus, the natural capital component of the
SBWF comprehensively integrates soil material stocks and bind-
ing ecological processes, both crucial for the delivery of nature’s
contributions to people.

Nature’s contributions to people
The SBWF underscores the central role of natural capital assets
in the delivery of soil-mediated NCP. It illustrates this broad
contribution through arrows, representing multiple soil functions
(soil multifunctionality), connecting natural capital assets to
NCP. The SBWF emphasizes the importance of soil multifunc-
tionality to support both positive and negative impacts on NCP
provision (“+” and “—” symbols on arrows), creating cascading
effects and trade-offs in complex soil ecosystems.”® This high-
lights that the same soil process may lead to benefits for one
NCP but to disbenefits for another NCP; for example, high respi-
ration from soil biodiversity, which can be considered a benefit
for “habitat creation and maintenance,” maintaining an active
decomposer community, would likely be a disbenefit for “regu-
lation of climate,” since it implies rapid levels of carbon turn-
over®® (Table 1).

NCP represents various dimensions, including material NCP
(e.g., food and feed), regulating NCP (e.g., climate regulation
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Table 1. Main features included in the SBWF

Natural capital assets

Extent (properties) Stock (properties)

Condition (properties)

Functions (processes)

Abiotic stocks:
® soil nutrients available
® soil organic matter
Biodiversity stocks:
o total soil microbial biomass
® abundance of bacteria, archaea,
fungi, protists, nematodes, arthro-
pods, and earthworms in the bulk soil
® abundance of functional genes (e.g.,
nutrient cycling, pathogenesis, anti-
biotic resistance genes, and/or re-
sources for biotechnology)

® area of ecosystem/habitat type (e.g.,
cropland, grassland, and/or forest)
o extent of soil type

Quality:

® soil type

® soil texture; % sand, silt, and clay

® soil moisture

® soil organic matter content (appro-
priate or relative to the potential SOM
content of the habitat or land use)

® soil pH

® water retention capacity

® soil chemical pollution

Structure:

@ soil aggregate stability

® bulk density

e air-filled pore space

Biodiversity structure:

@ soil food webs/networks metrics (e.g.,
biomass of fungal and bacterial en-
ergy channels)

e diversity of soil bacteria, archaea,
fungi, protists, nematodes, arthopods
earthworms, and virus

e diversity of functional genes (e.g.,
nutrient cycling, pathogenesis, anti-
biotic resistance genes, and/or re-
sources for biotechnology)

® plant biomass production
® soil potential respiration
® carbon (C) sequestration
® methanogenesis
°
°
°
o

yreg auQ

potential N mineralization
denitrification

litter decomposition

soil enzymatic activities (associated with
C, N, and P cycling)

leaching of nutrients (NOz/POs)

leaf, stem, or root damage (insect and
fungal pathogen)

reduction in efficacy of antibiotics

soil erosion/soil loss

infiltration

red/ox

Nature’s contributions to people

Material Regulating Non-material
o food and feed production @ habitat creation and maintenance ® learning and inspiration
® energy production ® pollination and dispersal of seeds and ® physical and psychological experiences

® production of materials
® production of medicinal resources

other propagules

® regulation of air quality

® regulation of climate

® regulation of freshwater quantity, loca-
tion, and timing

® regulation of freshwater and coastal wa-
ter quality

o formation, protection, and decontami-
nation of soils and sediments

® regulation of hazards and extreme
events

® regulation of detrimental organisms and
biological processes

® supporting identities
® maintenance of options

(Continued on next page)

?
)
@
Y
®
)
7]




8

G20z G} isnbny ‘g yue3 suQ

Table 1. Continued
Beneficiaries

Attributes Outcomes
® location of beneficiary (relative to NCP) ® desired benefits
® human capital (e.g., education level and health) ® good quality of life (human well-being and living in harmony with nature)
® social capital (e.g., farmer networks) @ plural values (intrinsic, relational, and instrumental)
® cultural capital (e.g., societal perception of farming activities, personal value systems, and viewpoints of
individuals)

® produced capital (e.g., farm machinery and irrigation infrastructure)
o financial capital (e.g., household or farm business economic assets and income)
® socio-economic status of the beneficiary

External forces

Global and continental drivers/pressures

Environmental Economic Societal Technological Political
® climate change: changes in temperature @ global crop prices o demography (e.g., age ofland managers) @ Al applied to soils @ international/national policies and ini-
and rainfall regime and acute phenom- ® incomes for farmers/s @ availability of methods and expertise ® precision farming tiatives
ena (e.g., heatwaves and drought) and oil managers ® voluntary quality assurance schemes ® sustainable development goals (SDGs)
@ land degradation: land in a state thatre- @ fertilizer/fuel prices ® global product demand e trading agreements
sults from persistent decline or loss of ® subsidies affecting ® protein demand for food/feed ® EU Green deal (e.g., farm-to-fork strat-
biodiversity and functions market prices (e.g., EU @ dietary choice egy, biodiversity strategy, and circular
Common Agricultural economy strategy)
Policy)
® land prices
® carbon price
Land management
Ecosystem or landscape unit Type of management Interventions/practices
cropland ® conventional ® chemical inputs: level of intensity
® organic ® type of tillage (e.g., reduced tillage or no
tillage)

® others (e.g., agroecology or regen-

o iet
erative) crop varie y.
® cover cropping
® intercropping
® others
grassland ® conventional ® chemical inputs: level of intensity
® organic e diversity (e.g., low diversity or mixed
® others (e.g., rotational grazing) species swards)
forest ® clear-cut e diversity (e.g., low diversity or mixed
® continuous cover species)
® native/non-native species
o drainage
landscape ® landscape management ® landscape diversity and configuration
® semi-natural components (e.g., field

margins, hedgerows, streamside, flower
strips, or remaining natural vegetation)

o
>
o
m
Q
1
=
>
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Responses

Local

International, national, and/or regional

Management

Political/policy

Societal

Strategic and guidance:

® soil strategy

® soil awareness programs
® knowledge exchange

® change in diets

® building common strategies with soil

® policy compromises

managers
® guidance on maintaining soil quality

Actions and measures:

® protection of soil biodiversity

® land use planning

® carbon conservation policies

® landscape scale management

® land sharing vs. land sparing approaches
® conservation, protection, and restoration

® selection of crop species and rotation
® practices to address soil degradation

® conservation measures

policies

Natural capital assets: These include extent (the area of a particular habitat, soil type, or geology), stock (the quantity of something that is directly measured), condition (a context-dependent measure

of the quality of the stock), and functions (functions or processes that occur within soils). Columns are lists (i.e., do not read across).
Nature’s contributions to people: Soil-mediated nature’s contributions to people. Columns are lists (i.e., do not read across).

Beneficiaries: “Attributes” describes features of beneficiaries and “outcomes” the benefits obtained from NCP. Columns are lists (i.e., do not read across).

External forces: Aspects of global and continental drivers/pressures affecting natural capital assets, NCP, and beneficiaries: drivers and/or pressures are categorized into environmental, economic,

societal, technological and political; columns represent lists (i.e., do not read across rows). Aspects of land management affecting natural capital assets, NCP, and beneficiaries: for each type of
ecosystem or landscape unit, types of management and options/practices eligible by landowners or managers are described. Aspects of responses by beneficiaries to changes in NCP delivery,

global drivers, and/or land management actions: responses are categorized into international, national, and/or regional and local, and management responses (local) are categorized into (1) strategic

and guidance and (2) actions and measures.

¢? CellPress

or soil erosion prevention), non-material NCP (e.g., biodiversity
education or tourism) (Table 1), and spatiotemporal scales.
The spatial scale of NCP supply depends on the NCP type:
field scale (especially for material NCP such as crop produc-
tion), landscape scale (especially for non-material NCP
such as relaxing experiences of nature), or multiscale (e.g.,
for regulation of hazards and extreme events, where infiltration
is governed by soil structure at the sub-field level, but which
integrates at the landscape scale to determine flooding
hazard).

Beneficiaries

The realization of potential NCP relies on the demand articulated
by the beneficiaries of these services and the capacity of ecosys-
tems to deliver such NCP. The “beneficiaries” box is subdivided
into “attributes” and “outcomes” (Table 1). Beneficiaries shape
service supply through attributes such as geographical location,
socio-economic status, and different types of capital, which in
turn shape the outcomes. This is further nuanced by the plural
valuation of the outcomes obtained by the beneficiaries from
the delivery of NCP, such as an increase in quality of life or the
attainment of desired benefits (Table 1). For instance, benefits
such as nutrition from food or access to clean water (facilitated
by a water regulation service) contribute to enhanced well-being,
encompassing physical and mental health, security, and material
prosperity.

External forces

Every facet in the social-ecological system is influenced by
external forces, operating across scales. The SBWF considers
three types of external forces: drivers and pressures (national/
global scale), land management (field and landscape scale),
and responses (across scales). Drivers and pressures operate
at large scales, from regional or continental, such as the EU
Common Agricultural Policy, to global, such as climate
change and consequent land degradation impacts, political
and economic dynamics, or societal and technological influ-
ences (Table 1). These pressures can directly impact natural
capital or shape beneficiary behavior and might extend their
impact via land management (Table 1), thereby directly
altering ecosystem properties and functions.®® The SBWF
highlights sustainability challenges from soil management
actions, potentially causing synergies or trade-offs between
NCP; e.g., chemical inputs used in crop management can in-
crease production of food and materials but can also cause
habitat loss, a dysregulation of freshwater quality, and
impaired regulation of processes for decontamination of soils
and sediments. In this sense, the “land management” box is
subdivided into “type of management” and “interventions/
practices” (Table 1). On the other hand, the “responses”
reveal measures, within the social-ecological system, to
counteract negative impacts on beneficiaries and/or nature
and are categorized by scale (i.e., international, national,
and regional vs. local) and type (i.e., societal, political, and
management; Table 1). These responses, enacted through
changes in management or policy at different scales, have
the potential to safeguard or enhance natural capital assets,
adjust other capital inputs, or shape beneficiary demand for
NCP (Table 1).
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The SBWF multidimensional indicators

Complementary to the conceptual component of the SBWF, the
actionable component provides a structured set of specific and
measurable indicators (and the methodologies for assessing
them) for natural capital assets and soil functions (Table S1),
NCP values (Table S2), and human well-being (Table S3). Indica-
tors for the natural capital assets are organized by the type of
asset (i.e., extent, stock, condition, and function), and for each
indicator, a specific methodology has been defined (Table S1).
The indicators have been selected based on the measurement
feasibility and harmonization criteria, where possible. For
example, for soil biodiversity, to incorporate the abundance
and taxonomic and functional diversity of soil organisms (such
as viruses, bacteria, archaea, fungi, protists, nematodes, arthro-
pods, annelids, plants, and vertebrates), we aimed to align with
methodologies by the international initiatives (LUCAS and Soil
BON). In terms of soil features (like soil total N and P), the meth-
odological alignment has been searched with The International
Network on Soil Biodiversity of the FAO’s Global Soil Partnership
(Table S1). Soil biodiversity attributes (extent, stock, condition,
and processes) align with the “essential biodiversity variables”
outlined by Soil BON and the system of environmental and eco-
nomic accounting.

Beyond the “essential biodiversity variables,” the SBWF
broadens its scope by linking these attributes to NCP, values,
and well-being. The linkage of soil biodiversity, soil multifunc-
tionality, and soil-mediated NCP data through tailored statistical
models facilitates precise quantification of the role of soil organ-
isms in the delivery of each measured soil function and NCP. For
example, the role of soil biodiversity and other drivers (i.e.,
climate, soil features, and management) in delivering soil multi-
functionality and soil-mediated NCP can be quantified using
regression and structural equation models.®"®® This expansion
toward linking soil natural capital and NCP involves specific valu-
ation methods, employing biophysical, economic, and socio-
cultural indicators capturing relevant plural values —instrumental
and relational —for each NCP (Table S2). More in-depth, for each
material, regulating or non-material NCP, we defined a detailed
biophysical and monetary indicator and/or a socio-cultural indi-
cator and the associated valuation methodology (Table S2). This
approach recognizes that nature’s values, spanning instru-
mental, relational, and intrinsic dimensions, are shaped by
diverse worldviews and knowledge systems. Finally, to link nat-
ural capital and soil-mediated NCP with human well-being in so-
cial-ecological systems, a set of multidimensional indicators for
good quality of life has been selected based on the EU statistical
methodology on income and living conditions.

SBWEF as an open framework for a diversity of users

The SBWEF is built as an open and dynamic framework, and so,
depending on the question of interest, it can be utilized from
different starting points. For example, a user interested in how
soil biodiversity and other soil natural capital assets combine
to underpin NCP and human well-being may start from the nat-
ural capital assets box. For the user, the outcome would quantify
the role of soil natural capital in the synergistic delivery of NCP.
Alternatively, another user may want to explore land and soil
management practices that enhance soil health and/or soil biodi-
versity and the delivery of human well-being from NCP; if so, they
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may start from the external forces or the responses box. In the
latter case, the user could compare the qualitative and quantita-
tive performance of soil management practices in relation to soil
health, soil-mediated NCP, and human well-being. This compar-
ison would be based on measurable multidimensional indica-
tors, which, to our knowledge, is not possible with other
frameworks.

Users can also select indicators most suited to their purpose.
The framework also allows the development of multi-scalar
spatial studies through scaling modeling strategies, if
required.®® Thus, the SBWF can potentially be used by a
wide range of stakeholders, from landowners to policymakers,
with different questions and interests in relation to soils.
Furthermore, the definition of a multidimensional set of
measurable indicators allows the SBWF to go beyond consul-
tation and/or communication tools; it can be used when (1)
defining strategic plans for multidimensional monitoring of
soil health dynamics and their impacts for human societies,
and (2) obtaining recommendation of soil management prac-
tices based on available information. A limitation that the
SBWF would face is that not all indicators are easily measur-
able. For example, the feasibility and ease of measuring soil
moisture through gravimetric methods are not comparable to
the feasibility and ease of quantifying total soil microbial
biomass or performing economic cost-based methods. This,
in addition to data accessibility, should be carefully considered
before operationalizing the framework, which is the main
reason why the framework was built in an open and dynamic
manner.

OPERATIONALIZING THE SBWF

The SBWF is aligned with the need to increase science-society
dialogue and the engagement of multiple soil-related stake-
holders to bridge the gap between knowledge holders and deci-
sion makers. Therefore, the operationalization of the framework
by stakeholders would produce new soil-related data and allow
the development of statistical or Al models to link nodes (such as
drivers, soil natural capital assets, NCP, or categories of human
well-being) through causal pathways and study their dynamics,
synergies, and trade-offs through®® through new software
(Figure 3). As such, the main aim of the SBWF is to be a useful
and appropriate operational tool for different stakeholders that
include (1) soil managers and advisors—to implement region-
specific sustainable soil management practices effectively; (2)
policymakers from different administrative scales—to under-
stand better the multidimensional value of sustainable soil man-
agement, soil health, and soil biodiversity; (3) scientists from
different disciplines—to select harmonized and comparable indi-
cators and methodologies when designing experiments or moni-
toring programmes; and (4) global initiatives such as the Global
Soil Partnership or the International Union for the Conservation
of Nature (IUCN)—to create new evidence of the links between
soil management, soil natural capital, highlighting soil biodiver-
sity, and the delivery of NCP and quality of life (Figure 3).

More specifically, for example, a soil manager could use a
software (or platform), based on the SBWF, to define which cat-
egories of natural capital assets to select and which indicators to
measure, depending on interest and budget, prior to a transition
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Figure 3. Roadmap to operationalize the SBWF

From a network of stakeholders (green boxes in the upper part of the figure), data on implementing the SBWF, soil properties, soil multifunctionality, and NCP
plural values may be obtained. The data obtained can be operationalized through modeling (central part of the figure). First, the data (and optional metadata) could
feed data platforms and/or be stored in data repositories. Then, the same data might be used to create models, which can be executed through execution
engines. The more data are produced by the network of stakeholders, the more robust the models can be, through proper reconfiguration. Finally, all these data
and models might feed, for example, the decision support systems to synthesize data and model outputs to provide early warnings, insights, and recom-
mendations depending on the type of stakeholder. The models might also produce useful information even without feeding into decision support systems. Both
options could reach the user through user-friendly interfaces and/or forums. The impact of operationalizing the SBWF, through actionable models or apps, by the
type of stakeholder, is shown in the purple boxes (lower part of the figure).
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toward more sustainable soil management practices. As shown
in Figure 3, this type of user could obtain, through soil analysis
and economic assessment, quantified data—soil properties
(e.g., soil organic carbon and microbial biomass), soil multifunc-
tionality (e.g., yield), and economic data (e.g., yield value)—that
can be introduced in the software. This software, through models
connected to decision support systems, can provide the user
with an assessment of the provision of multiple NCPs under cur-
rent soil management practices, along with recommendations
for practices to maximize their synergistic provision, considering
regional context (e.g., climate) (Figure 3). The sum of datain such
a software or a platform (with open repositories) can be used by
other stakeholders with other purposes. A national ministry or an
international institution could use it, for example, to study the
ratio of organic agriculture that can be desired, in a particular
landscape or region, to maximize the synergistic delivery of
soil-mediated nature’s contributions to people at a policy-rele-
vant scale.

As an example of how global initiatives might adopt the SBWF,
the conceptual and actionable components of the SBWF could
be used to develop an assessment tool focused on sustainable
soil management practices. The purpose of this tool would be
to increase the specificity of the IUCN Global Standard of Na-
ture-based Solution (NbS) for soil ecosystems and (1) position
soil biodiversity as an NbS, (2) better align sustainable soil man-
agement with the IUCN Global Standard for NbS, and (3) provide
policy recommendations (at different scales) to enhance the
adoption of sustainable soil management practices that protect,
conserve, restore soil natural capital assets, such as soil biodi-
versity, and enhance the delivery of soil-mediated NCP. This is
aligned with criterion 1 of the IUCN Global Standard for NbS,
which emphasizes the importance of identifying the societal
challenge that the NbS will address (in this case, sustainable
soil use and conservation) to ensure deliberate and purposeful
design aimed at meeting needs for human well-being.

Considering that the generalist and strategic approach of the
Global Standard of NbS may be one of the main barriers to its
use, linking it to the SBWF would help develop a more acces-
sible, condensed, clear, and practical tool that facilitates specific
and practical soil management guidance. Furthermore, consid-
ering the potential benefit of a more operational approach for
NbS,°%% this exercise may be a specific example of operation-
alization of the NbS framework for soil biodiversity and sustain-
able soil management using the SBWF.

Such a tool would follow all the aspects covered in the [IUCN
Global Standard of NbS, but uses the elements, processes, attri-
butes, and connections detailed in the SBWF. For example, cri-
terion 3 of the IUCN Global Standard of NbS is “NbS results in a
net gain to biodiversity and ecosystem integrity” and could be
transformed into “sustainable soil management practices have
a positive impact on soil biodiversity and ecosystem integrity,
and the impact is periodically assessed.” The merging of the
SBWF with the IUCN Global Standard of NbS at a conceptual
and analytical level would improve monitoring of the impacts of
soil management on soil natural capital assets (e.g., soil biodi-
versity and soil functions) and soil-mediated NCP. Following
the rationale of the IUCN Global Standard for NbS, sustainable
soil management must address specific challenges while simul-
taneously providing human well-being and biodiversity benefits.
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It should preserve and enhance soil biodiversity and increase the
flow of NCP through activities that promote job creation, em-
powering women and vulnerable groups, or ensuring yields to
meet the needs of the population. This assessment tool would
also be used to identify barriers and recommendations for better
integration of these practices, interventions for the conservation
of soil biodiversity and soil ecosystem functions, as well as the
delivery of NCP and human well-being.

Further considering its wider adoption, the SBWF has the po-
tential to implement a unified methodology for the Action Plan of
the International Network on Soil Biodiversity (NETSOB) from
the FAO-Global Soil Partnership, concerning the 2020-2030
plan of action for the International Initiative for the Conservation
and Sustainable Use of Soil Biodiversity. Where possible,
the SBWF actionable framework has been harmonized with
the methodologies selected by working groups 1 and 2 of the
NETSOB (see the SBWF multidimensional indicators section
and Table S1). Harmonized methodologies are a critical step
when assessing the cumulative impacts of multiple sectors on
the status of soil biodiversity and on its multidimensional value
for human well-being.®® The SBWF would also allow one to define
the type of interventions (at different scales) that would enhance
soil biodiversity and the delivery of NCP. Finally, the SBWF multi-
dimensional valuation of soil-mediated NCP could also be
potentially adopted or harmonized by the NETSOB working
group 3, obtaining an approach, which includes measurable indi-
cators, toward identifying the relationship between soil biodiver-
sity and human well-being for future global soil biodiversity
assessments.

FUTURE OUTLOOK

The SBWF has been developed from a transdisciplinary
perspective, firmly understanding that the involvement of aca-
demic and non-academic actors is imperative for more holistic
and creative solutions to the global degradation of soil natural
capital. However, powerful barriers still exist in the research/so-
ciety/policy spheres to effectuate a transformative change. This
includes: the lack of habit of academics to collaborate with other
social actors or non-academic groups®®; the lack of trust of soil
managers in traditional “experts,” particularly agricultural re-
searchers from academic and government institutions,”® and
the lack of political will to further develop new environmental
laws or even apply and fund them after approval.”’

To overcome these barriers, all societal actors must realize the
value of soil-mediated services provided both to society and to
the daily life of individuals, and that soil is a scarce and finite
commodity. This type of cultural transition takes time, and no
single action can trigger it. However, the operationalization of
the SBWF in future global soil assessments would enhance the
plural valuation of soil and the integration of soil biodiversity
into political, economic, and day-to-day decision-making. At
the same time, the SBWF can help co-create the required evi-
dence to raise awareness and inspire transdisciplinary action
and transformative change toward a just and sustainable use
of soils and soil biodiversity.” This would facilitate the prioritiza-
tion of sustainable soil management and soil biodiversity as a
fundamental cornerstone for steering the world toward a sustain-
able, healthy, and resilient future.
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