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however, the economic value of ecosystem services provided by the atmosphere and shallow
lithosphere has not yet been considered substantially. In order to address this research gap, we
propose a more explicit and rigorous definition of critical zone services as the human benefits
provided by Earth’s critical zone. This concept brings a more complete inventory of stocks and
flows upon which critical zone valuation methods are based. By considering the 5 interconnected
components (atmosphere, vegetation, soil, surface water, groundwater) of Earth’s critical zone,
we identify from literature review a wide range of critical zone services and classify them into
three categories (provisioning, regulating and cultural) defined in the Common International
Classification of Ecosystem Services. We do not consider supporting services, whose influence is
intrinsic to the values of the other classes, specifically to avoid double accounting. Based on the
defined critical zone services, we present a methodology enabling economic valuation of Earth’s
critical zone that is consistent with partial equilibrium theory and accounts for biophysical and
economic input to the analysis. This approach achieves two significant aims that 1) incorporate
recent new natural sciences concepts and knowledge in evaluating the structure and function of
the critical zone into methods of applied economics and 2) provide natural environmental sci-
entists with access to simplified theory and practice of applied economics that is relevant to
valuation methods at the location-specific physical scale of the critical zone. The proposed
methodology can be used as a quantitative management tool for economists and policy makers to
more transparently enumerate the provision of services arising from the biophysical functioning
of the whole of Earth’s critical zone in the face of increased pressures of increased population,
land use intensification, and climate change.

1. Introduction

Earth’s critical zone was first proposed by natural scientists in 2001 as a concept that integrates the structure and interconnected
dynamics of the atmosphere, the vegetation, soils, water, and underlying regolith to the depth of weathering fronts within the bedrock
(National Research Council, 2001). The critical zone defines an open biophysical system that receives, transforms and transmits inputs
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of energy, material and genetic information (Banwart et al., 2019) (Fig. 1) and provides humans with most of their life sustaining
resources (Jordan et al., 2001). The term critical is relatively new as applied to this thin planetary surface layer, referring to 1) a critical
interface between lithosphere, atmosphere and biosphere of the Earth system, 2) its critical role as the zone of human terrestrial
habitation and 3) its fragility under critical pressure from human resource demand. This framing of the critical zone represents a
disciplinary merging of concepts from geological sciences and ecological sciences and has more recently interfaced with social sciences
as representing human-Earth interactions at the experiential scale of human habitation (Latour 2014, 2018). This study aims to
introduce these recent developments from natural sciences into conceptual, theoretical and analytical frameworks of applied eco-
nomics. We propose this development as an advancement in understanding and delineating the boundaries of the biophysical system,
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Fig. 1. The conceptual representation of Earth’s critical zone and proposed critical zone services as a generalized Earth surface representation of
ecosystem and ecosystem services, respectively. Earth’s critical zone extends from the top of unweathered bedrock to the top of the vegetation
canopy and exhibits dominant material and energy fluxes governed by land-atmosphere, soil-vegetation, shallow geosphere-lithosphere, and land-
ocean interactions. Earth’s critical zone and initial ecosystem are congruent concepts. However, the ecosystem concept has been historically often
subdivided into above- and below-ground components. Previous conceptualizations of ecosystems have often focused primarily on vegetation, soil
and surface water. However, near-surface and above-ground processes depend on and are constrained by their interaction with subsurface critical
zone processes. Critical zone services derived from the entire interconnected extent of Earth’s critical zone, therefore, aid in defining the generalized
inventory of stocks and flows that contribute to human wellbeing. Fig. 1 is adapted with permission from Banwart et al. (2019).
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and the bounded stocks and flows, upon which ecosystem valuation methods are based. We further aim through this study to enable
subject experts in critical zone science and in applied economics to more readily access concepts and analysis frameworks between
disciplines.

Tansley (1935) first used the term ecosystem and defined it as “one physical system” that integrated the biotic-abiotic complex of
rock, water, air and organisms. Richter and Billings (2015) demonstrated that the critical zone concept is congruent with Tansley’s
original definition of an ecosystem (Tansley 1935). However, Tansley’s original concept became historically substantially subdivided
into above- and below-ground environments (Richter and Billings 2015) (Fig. 1) and as a consequence, much of the research on
ecosystem services has been focused more heavily on surface processes. However, the functioning of Earth surface biophysical systems
substantially depends on and is constrained by interaction with subsurface critical zone processes that are often not included in existing
frameworks for ecosystem services valuation (Field et al., 2015). Therefore, a more comprehensive valuation of ecosystem services
could be derived from considering the full extent of Earth’s critical zone that links above-ground processes and below-ground critical
zone processes (Field et al., 2015; Banwart et al., 2019; Nie et al., 2020). This study fills this research gap by demonstrating a
methodology enabling economic valuation of Earth’s critical zone that is consistent with partial equilibrium theory, considers a more
comprehensive structure of Earth’s critical zone and can be applied at the location-specific physical scale of habitation for an indi-
vidual human, household or local community.

The term “environmental services” was coined in 1970 by researchers who were concerned with the decline of ecosystem functions
in delivering services to humanity (Gagnon 1973). This approach was further developed by framing ecosystem services as a peda-
gogical concept designed to raise public interest for biodiversity conservation (Ehrlich and Ehrlich 1981). The milestone article
published by Costanza (1997) on the value of the world’s ecosystem services and natural capital defines ecosystem services as the flows
of benefits to humans from ecological systems and the natural capital stocks that produce them. This concept has been widely accepted
as a definition of ecosystem services (Zhong et al., 2020). As modern day societies and economies are becoming increasingly vulnerable
to the widespread decline of the stocks and flows of essential ecosystem goods and services (Institute 2000; MEa 2005b; De Groot et al.,
2012), environmental scientists and economists addressed the need to develop the concept of ecosystem services through linking
biophysical processes to human well-being (Costanza et al., 1997; MEa 2005b; Sukhdev et al., 2010; Sannigrahi et al., 2020). As an
example of global risks resulting from human pressures, the UNDP (United Nations Development Programme) projects that the impacts
of climate change (including sea level rise, droughts, heat waves, floods and rainfall variation) will add 600 million people worldwide
to the number already facing malnutrition, and will increase the numbers facing water scarcity by 1.8 billion by the year 2080
(Kabubo-Mariara and Mulwa 2019). In line with the extension of ecosystem services concepts and development of critical zone science,
we propose a more explicit and rigorous definition of critical zone services as the human benefits provided by the stocks within the
entirety of Earth’s critical zone and the processes and interactions with people that deliver flows of benefits to humans.

There are five advantages of our proposed definition. First, from the fundamental definition of critical zone, it is the constrained
terrestrial component of the Earth planetary system that dominantly supplies life-sustaining resources (i.e. benefits) to humans.
Second, the critical zone defines explicitly the physical boundaries of the volume and mass of terrestrial stocks that receive, transform
and transmit the flows of material, energy and genetic information, which are of benefit to humans. Third, critical zone services are
determined by the interconnected whole of the dynamic, interacting physical system, which is a construct of rock, fluids and organisms
including people that aligns with Tansley’s original concept of an ecosystem. Fourth, the recognition of the reliance of benefits on the
interconnected, interacting processes of the critical zone makes explicit the link to sustainable economic development. This conceptual
link occurs because sustaining the benefits to humans over time relies on the ongoing flows and transformations (e.g. of mass and
energy) that occur from the continuous functioning of the critical zone as a whole. Fifth, the concept of critical zone services provides a
conceptual framework to translate and communicate basic research advances in critical zone science into societal benefits for human
well-being (Brantley et al., 2006; Banwart 2011; Field et al., 2015). This becomes particularly important as new research efforts to
study Earth’s critical zone gain insight into the mechanistic linkages between the above-ground and below-ground biophysical pro-
cesses, and the extent to which the human is vitally dependent on these interactions in the face of increased population, land use
intensification, and climate change (Banwart et al., 2019). Critical zone services are, therefore, the defined set of ecosystem services
that arise from this specific physical system.

There have been many studies in the past few decades aimed at estimating the economic value of a wide variety of ecosystem
services (Costanza et al., 2014; Martin et al., 2020). However, to date, economic valuation of Earth’s critical zone is primarily
concentrated on selected, largely aboveground, services (Maes et al., 2016; Reynaud and Lanzanova 2017). The economic value of
ecosystem services provided by Earth’s critical zone including the near-surface atmosphere boundary layer and groundwater has not
yet been considered in detail until recently (Richardson et al., 2017; Nie et al., 2020). To address this gap, our study here introduces
critical zone services concepts into economic valuation methods aimed at understanding the comprehensive benefits derived from
Earth’s critical zone. This message is important for decision-makers to better predict anticipated delivery of the full range of critical
zone services and how these may be impacted by human activity.

In preparing this study, the following contributions were made: (i) demonstrating the theoretical basis for estimating the economic
value of Earth’s critical zone; (ii) identifying by literature review the goods and services that to date are associated with Earth’s critical
zone; and (iii) defining from theoretical principles a transparent and practical methodology that accounts for biophysical and eco-
nomic feedbacks for location-specific economic valuation of Earth’s critical zone.

2. Study methods

On the basis of the 5 interconnected components (atmosphere, vegetation, soil, surface water, groundwater) of Earth’s critical zone,
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we identified from literature review a wide range of critical zone services for each compartment. Based on the identified critical zone
services, we suggested a potential economic theoretical basis to describe the economic factors of value creation and from this
translated quantitative methods for economic valuation of Earth’s critical zone. Then we provided a compilation of biophysical in-
dicators and economic valuation techniques for assessing individual critical zone services.

To identify the critical zone services and their biophysical indicators and economic valuation techniques, we conducted a broad
search for published academic papers through online databases (Web of Science and Google Scholar) using the conceptual framework
(see Fig. 2) as the basis. Ecosystem services were used as a search term to directly capture the examined critical zone services. Search
results were first screened by title and then by abstract for relevance. The most relevant papers were downloaded and read in detail to
extract the information required for this study. We only included papers published in English language (see Supplement 1 for the
literature included in this study).

We organize the theoretical and methodological development through a series of 6 steps: (1) a conceptual framework (Fig. 2); (2)
specifying critical zone processes, structure and functions and anthropogenic drivers; (3) identifying critical zone services; (4)
reviewing the economic theoretical basis of monetary valuation of Earth’s critical zone; (5) selecting parameters for biophysical
assessment of unit stocks and flows of critical zone services; (6) applying economic valuation techniques to monetizing unit value of
critical zone services.

3. Theoretical and methodological development
3.1. Stocks and flows of critical zone services

Stocks refer to the capacity of natural capital such as mass, energy and genetic information contained within Earth’s critical zone
that deliver critical zone services to humans (Rawlins et al., 2018; Vallecillo et al., 2019). Stocks are based on the defined volume of
Earth’s critical zone and the mass of rock, water, air and organisms contained within. Through solar, meteorological, orogenic and
geothermal inputs, stocks support internal biogeochemical cycling that transforms and transmits inputs and produces output flows of
material, energy and genetic information in the form of critical zone services to humans. Earth’s critical zone comprises five bio-
physical components (atmosphere, vegetation, soil, surface water and groundwater) that contribute the stocks of natural capital and
produce the full inventory of critical zone services to humans. Flows into and out of the critical zone can build or deplete stocks, where
the resulting impact of changes in stocks on internal biogeochemical cycling can change the balance of output flows. For example,
depletion of soil organic matter due to accelerated loss through physical soil erosion, may reduce soil fertility and the rate of biomass
production from vegetation growth. Earth’s critical zone is considered degraded where human pressures have caused altered structure
and functions that, as a result, are not capable to produce the same range and magnitude of flows of critical zone services to humans
(Xiang et al., 2020). For example, mass transport and transformations within an undegraded critical zone supply clean air, substantial
biomass and fresh water to humans, while a degraded Earth’s critical zone (e.g. soil degradation) is incapable to deliver the full in-
ventory and scale of these services to humans.

Flows reflect the actual use of benefits arising from the natural capital such as mass, energy and biodiversity provided within the
Earth’s critical zone (del Rio-Mena et al., 2020). It is straightforward to recognize the actual use of the majority of provisioning services
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Fig. 2. Proposed framework for economic valuation of Earth’s critical zone. Both coupled geological and biological cycles — including conservation
of energy (E) and mass (M) as physical and chemical state variables and genetic information (I) as a biological state variable — as well as human
activities as anthropogenic drivers, work to influence Earth’s critical zone processes and functions. The hydrological cycle, along with other coupled
cycling such as biogeochemical cycling is included in Fig. 1. The structure is the volumetric distribution of rock, water, gases and organisms that
delineate recognizable physical components (atmosphere, vegetation, soil, surface water and groundwater) and their mass transport that define an
open system of Earth’s critical zone. Critical zone functions (e.g. water storage and transmission, C and N sequestration from the atmosphere,
providing habitat) are the aggregated biogeochemical processes that determine the flows and transformations, which in turn deliver benefits to
humans. Supporting services are defined from internal reservoir functions that maintain provisioning, regulating and cultural services. Natural
capital defines the state of the inventory of stocks that supply flows of critical zone services to satisfy humans’ needs. Two categories of economic
valuation approaches (market-based and non-marked based) can be applied to estimate economic value of critical zone services.
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(e.g. food); however, the actual use of the regulating (e.g. erosion control) and cultural services (e.g. spiritual value) are not intuitive
(Thiele et al., 2020). In addition, some critical zone services are not easily accessible to humans and as a result may be under-valued.
For example, geodiversity may be a valuable cultural service, but it requires interpretation through the specialist knowledge of ge-
ologists to translate this into information that is beneficial. We include methods of quantifying the benefits of flows of regulating and
cultural services in Section 3.5 in this paper.

3.2. Framework linking biophysical processes and functions, anthropogenic drivers, critical zone services, stocks and flows and economic
valuation techniques of Earth’s critical zone

Understanding the relationship between biophysical processes and functions, anthropogenic drivers for value creation and critical
zone services for delivery of benefits is fundamental to economic valuation of Earth’s critical zone. The proposed interdisciplinary
framework consists of six sections: Earth systems’ concepts of biogeochemical cycles, critical zone structure and functions, anthro-
pogenic drivers that influence critical zone processes and functions, critical zone services, indicators that are translated from stocks and
flows of critical zone services, and the economic valuation methods for monetizing critical zone services (Fig. 2).

Coupled cycling. Earth’s critical zone has two principle cycles: the geological cycle and the biological cycle that exhibit very
different physical, spatial and temporal scales but are critical to understanding the complex evolution and dynamic functions of the
critical zone to provide critical zone services to humans (Lin 2010). Both the geological cycle and biological cycle refer to the processes
of producing, transporting, consuming and recycling materials (M), energy (E) and genetic information (I) that contribute to the
structure and functions of Earth’s critical zone (Banwart et al., 2019).

These two cycles interface through mass and flux balance. The geological cycle typically exhibits slow process rates integrated over
large masses (rock and subsurface water) that are characteristic of the belowground components (e.g. of the shallow lithosphere). The
biological cycle exhibits more intense rates of processes integrated over smaller reservoirs of mass (e.g. the vegetation and soil
microbiome). Flux balance between the 2 cycles occurs at the interface between the internal components of the critical zone with
geological cycling contribution dominantly to the functions of groundwater, biological cycling contributing dominantly to the function
of soil, vegetation and their interactions with the atmosphere, and both geological and biological cycling contributing to the functions
of surface water. As an example, the rate of supply of mineral P and K as nutrients for plant growth, from bedrock conversion to soil
over geological time scales, can be comparable to the seasonal rate of P and K accumulation by plants through the net effect of uptake
by plants roots and release by decay of plant litter in soil. Because of large rock and water mass and low process rates, the relative
dynamic response time for the groundwater component is often much longer than the relative response time for change in mass stocks
of the other components.

Biophysical structure and functions. There are five components of critical zone structure (see in Fig. 1): atmosphere, vegetation,
soil, surface water and groundwater. The atmosphere of Earth’s critical zone refers to the gaseous envelop surrounding the Earth’s
surface within the atmospheric boundary layer (Ridpath 2012; Keller 2019). The bulk volume of the atmospheric boundary layer is not
a dominant habitat for life, yet it sustains life at Earth’s surface (Fahy 2009). The benefits derived from the atmospheric boundary layer
include provisioning of molecular oxygen that humans breathe and nitrogen for biological fixation into biomass, generating energy
from wind, cleansing air quality and depositing and dispersing dissolved and particulate pollutants, and providing aesthetic sensual,
intrinsic and existence value.

Vegetation is one of the above-ground and shallow sub-surface biomass components of Earth, which receives and processes solar
radiation, water, carbon and geochemical fluxes (Banwart et al., 2019). The categories of vegetation types are various, including not
only forests and grasslands, but also crops (Keesstra et al., 2018). Vegetation provides benefits to humans mainly through the function
of CO;, fixation and O3 production by photosynthesis, nutrient transformation as biomass production, e.g. for food, collecting atmo-
spheric deposition and releasing H,O by evapotranspiration.

Soil is the central part of Earth’s critical zone, acting actively to transmit mass, energy, and biodiversity downward to the
groundwater, upward to the vegetation and atmosphere, and laterally to surface water (Banwart et al., 2017). Soil functions are the
flows and transformations within soil that provide benefits to humans. In broad terms these functions include biomass production,
nutrient transformations, C and N storage, water storage and transmission, and maintenance of biological habitat and a pool of genetic
diversity (Banwart et al., 2017).

Surface water is one of the most important resources for human well-being (Reynaud and Lanzanova 2017). Surface water bodies
supply benefits to humans through multiple functions including provisioning water, food, raw materials, regulating water quality,
greenhouse gases and climate, mitigating floods, retaining sediment, controlling biodiversity and supplying cultural services.

Groundwater has been defined as all the subsurface water existing below the upper A and B pedological layers (Kovacs and
Durand-Morat 2020), i.e. the water in the deeper parts of the unsaturated layer of sediments and in the zone of saturation (Neupane
and Kumar 2020). It delivers benefits directly to humans through the following functions: storing and supplying freshwater, main-
taining biodiversity and genetic resources, purifying pollutants and waste, regulating hydrological flow, mitigating floods and
accompanying erosion, and contributing to regulating climate.

Anthropogenic drivers. In addition to tectonic forcing, weathering, fluid transport, and biological activity as highlighted by the
NRC (National Research Council, 2001), human forcing is considered to have a fundamental impact on Earth’s critical zone (Richter
and Billings 2015). Changing soil thickness due to agricultural erosion, for example, illustrates the accelerated impacts caused by
humans. The average rate of soil formation from bedrock weathering has been estimated as 1 mm or even less per year, while the rate
of soil erosion has reached values 1-2 orders-of-magnitude greater in many regions because of human activities (Brantley et al., 2006;
Egli et al., 2018; Montgomery 2007). Such an imbalance between the slow production of new soil (which is generally subsoil above
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fresh bedrock) and the accelerated loss of fertile topsoil has severe negative and irreversible (on generational timescales) consequences
for the sustained functioning of the critical zone. Specifically, increased population and wealth with resulting land use intensification
and climate change are the most prominently recognized anthropogenic drivers and threats to critical zone functions (Banwart et al.,
2019).

3.3. Earth’s critical zone services

When estimating the economic value of Earth’s critical zone, the identification and classification of the relevant services provided
by Earth’s critical zone is the first step (MEA 2005a; Kumar et al., 2018; Nie et al., 2020). However, there have been few attempts to
systematically identify and classify critical zone services. Field (2015) provided the first study. More recently, Nie (2020) carried out a
pilot study on site-specific economic valuation of 14 critical zone services identified for the five compartments of Earth’s critical zone
described above, in an experimental catchment in China.

From previous studies (Costanza et al., 1997; Maes et al., 2016) we combined two approaches to develop the analysis of critical
zone services. The first approach is to identify the ecosystem typology defined by Earth’s critical zone, and the second is to define the
typology of critical zone services provided by the identified components of Earth’s critical zone (Maes et al., 2016). The first approach
accounts for the dominant, physically distinct functional components within Earth’s critical zone. The second clarifies the precise
services provided by each component of Earth’s critical zone.

Few studies have focused on the ecosystem services provided by the atmosphere. We found four (Thornes et al., 2010; Kendall et al.,
2014; Richardson et al., 2017; Nie et al., 2020). Thornes et al. (2010) and Kendall (2014) presented twelve similar atmospheric services
that are vital to human well-being and to the existence of the biosphere. Richardson et al. (2017) assessed the economic value of
atmospheric stabilizing services of the critical zone. Nie (2020) estimated the economic value of air that humans breathe provided by
the atmosphere. Based on these studies, we identified four services focusing on benefits directly useful to humans and considering the
lower atmospheric boundary layer associated with Earth’s critical zone.

Vegetation provides many direct ecosystem services for sustaining humans and their life quality (De Carvalho and Szlafsztein
2019). Previous work is reported from both the natural and social sciences, with a predominant focus on provisioning services (food
provisioning, raw materials provisioning). We have integrated from this literature thirteen ecosystem services provided by vegetation.

Soil is the central interface of Earth’s critical zone (Banwart et al., 2017); its ecosystem services have been defined during the past

Table 1
Earth’s critical zone services.
Component Provisioning Regulating Cultural
Atmosphere Air that humans breathe The cleansing capacity of the atmosphere and Aesthetic, sensual, intrinsic and existence value

dispersion of air pollution
Direct use for power
Vegetation Food production
Raw materials

Recreation and tourism services

Knowledge systems, cultural diversity, educational
and aesthetic values

Spiritual and symbolic value

Carbon sequestration
Climate regulation

Waste treatment

Water regulation
Disturbance regulation
Erosion control

Pollination

Biological control

Carbon sequestration
Greenhouse gases regulation

Recreation and tourism services

Knowledge systems, cultural diversity, educational
and aesthetic values

Spiritual and symbolic value

Soil Food production
Water storage and supply

Raw materials
Platform for physical
support

Water regulation
Filtering of nutrients and contaminants

Natural attenuation of pollutants
Biological control
Recreation and tourism services

Surface water ~ Water storage and supply
Food production

Raw materials
Abiotic materials

Groundwater Freshwater storage and
supply

Biodiversity and genetic
resources

Water purification and waste treatment
Flood mitigation

Sediment retention

Greenhouse gases regulation

Climate regulation

Biological control

Water purification and waste treatment

Hydrological regulation

Flood mitigation and erosion control
Climate regulation

Knowledge systems, cultural diversity, educational
and aesthetic values
Spiritual and symbolic value

Recreation and tourism services

Knowledge systems, cultural diversity, educational
and aesthetic values
Spiritual and symbolic value

Sources: Authors
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decade from a relatively comprehensive framework for their classification. We identified thirteen ecosystem services provided by soil
mainly based on this literature (Costanza et al., 1997; Dominati 2013; Jonsson et al., 2017).

We also distinguished the services provided by surface water including rivers, lakes and wetlands from those delivered by
groundwater. A large variety of surface water related ecosystem services have been addressed by Maes et al. (2016), Egoh et al. (2012)
and Grizzetti et al. (2016). However, the linkages between groundwater and ecosystem services are often not recognized and may be
under-valued. We identified thirteen surface water related ecosystem services based on those studies mentioned above and nine
groundwater related ecosystem services mainly based on Bergkamp and Cross (2006), Kniippe et al. (2016), Tuinstra et al. (2014), and
Danielopol et al. (2003).

We based our classification of critical zone services on three categories (i.e., provisioning, regulating and cultural services) defined
in the Common International Classification of Ecosystem Services (Haines-Young and Potschin, 2018). However, within this classi-
fication system, we explicitly include only these three classes of services because they are of direct benefit to humans. We explicitly
exclude supporting services that help maintain and sustain the flows of benefits from the other three classes of services. This approach
is to avoid double accounting, where the value of supporting services is intrinsically included within the value of the other three classes
of services at the point of delivering benefits. Finally, we established an integrated list of services provided by Earth’s critical zone
(Table 1). The list of services we compiled here aims to define a spectrum of previously identified services derived from different
components of Earth’s critical zone, which can be amended or expanded with advancement in knowledge of critical zone processes and
their interconnectivity.

The definitions and use of terms to describe ecosystem services vary across the published classification systems. Supplement 1 sets
out the definitions and literature references of the critical zone services identified in this study. Among the references listed in Sup-
plement 1, only two studies have identified critical zone services derived from the five components of Earth’s critical zone, three have
identified critical zone services provided by the atmosphere of Earth’s critical zone, and thirteen have identified critical zone services
derived from the groundwater of Earth’s critical zone. The remaining literature was mainly focused on goods and services provided by
the near surface components of vegetation, soil and surface water, of Earth’s critical zone.

3.4. Theoretical basis of economic valuation of Earth’s critical zone

The economic valuation techniques used in many studies of ecosystem services are based, either directly or indirectly, on attempts
to estimate the unit value of each ecosystem service. From economic theory, general equilibrium models and dynamic models
(You et al., 2018) have rarely been attempted in order to determine estimates of the value of ecosystem services. However, a partial
equilibrium framework (Costanza et al., 1997) that has been widely used in practice including in the valuation of ecosystem services is
adopted in this paper. Partial equilibrium theory is used to determine the total economic value (Gross Domestic Product) of goods and
services in a nation’s economy, and is also applied to determine the value of individual products or services in a market economy. The
theory defines the relationship between price and the quantity of supply and demand for human-made, substitutable, typically
marketed goods and services, with the supply curve as an upward sloping price curve and the demand curve as a downward sloping
price curve, with increasing quantity (Fig. 3a). The intersection (P, Q) of the supply and demand curves is the equilibrium price (P) and
quantity (Q) of the commodity where the market reaches equilibrium state. The intersection A of the demand curve and the y-axis
represents the maximum price of consumers’ willingness to pay for a good or service. Point C, where the supply curve and the y-axis
intersect, is the minimum price regarding producers’ willingness to sell a good or service.

There are three relevant areas represented on the diagram (Fig. 3) which are production cost, producer surplus (or net rent), and
consumer surplus. The cost of producing a product is the area under the supply curve (area CBQ); the producer surplus (also termed net
rent) is the area between the equilibrium price and the supply curve (area PBC); the consumer surplus, which is the value of benefit to
the customer, is the area below the demand curve and above the price paid in the market (area ABP). When partial equilibrium theory
is applied to national economies, another area on the graph, PBQC, defines the Gross Domestic Product. When the theory is applied to
an individual good or service, the economic value can be defined in several ways. One definition is the sum of consumer and producer

Price Price
h
A S
A
S
Consumer B Consumer
surplus surplus
el ; L . B
Producer : D
surplus i Producer D
! surplus
Cost H
c Q Quantity c Q Quantity
(a) (b)

Fig. 3. Supply and demand curves, showing the equilibrium price where the curves intersect, and the corresponding definitions of cost, consumer
surplus and producer surplus for normally traded goods and services (a) and ecosystem services which may not have a traded market (b).
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surplus (ABC) and another is the producer surplus (PBC) or in the absence of information on the supply and demand curves, value is
estimated by the price times quantity as a proxy value (area PBQC, Fig. 3). The total economic value (ABC) of a good or service can be
greater or less than its market price times quantity (PBQC).

As the majority of ecosystem services are not manufactured and traded within a recognized market, their demand curve is complex
and very difficult, if not impossible, to estimate. Many ecosystem services can be only substituted to a point (e.g. considered as non-
renewable); therefore, it is postulated (Farley 2012) that the relationship between price and demand is more likely to exhibit behavior
shown by the demand curve in Fig. 3b. In terms of the supply curve, as many ecosystem services cannot be increased or decreased
instantaneously by actions of the economic system, supply is inelastic as represented by a nearly vertical curve (Cumming et al., 2014),
as shown in Fig. 3b. Here the cost of production (point C) is zero, because many ecosystem services are public goods, and in con-
ventional economic theory their production is considered cost-free. The producer surplus is the area under the market price, PBQC,
which is equal to the equilibrium price times quantity. The consumer surplus is the area over and above the market price, ABP. The
total economic value of the ecosystem service is the area under the demand curve, ABQC. Note that here the demand approaches
infinity as the quantity available (supply) approaches zero (or some minimum necessary level of services). This means the maximum
price (point A) of consumers’ willingness to pay for ecosystem services can be infinite. As a consequence, the consumer surplus (ABP)
as well as the total economic value (ABQC) is infinite. Therefore, we can only use equilibrium price times quantity (PBQC) as a proxy
for the lower bound on economic value of ecosystem services.

The application of partial equilibrium theory also utilizes a further important concept, that of unit value, which defines the price
associated with a good or service at a specific scale. It can refer, for example, to the price of a product in the market, the value of an
object, or the aggregate value of one type of service that benefits many users. In this study we propose a methodology to estimate the
unit value of Earth’s critical zone based on this economic theory. We assume that the supply and demand curves for Earth’s critical
zone services look more like Fig. 3b than Fig. 3a, and we use price times quantity (PBQC) as a proxy for the unit value of each of the
services provided by Earth’s critical zone. The unit values multiplied by the physical scale (surface area, mass, volume or population)
of the defined system delivering each critical zone service of interest and aggregating over all of the identified Earth’s critical zone
services, allows calculations that arrive at local, regional or global totals of the monetary value of Earth’s critical zone.

3.5. Biophysical indicators

Many policy decisions rely on ecosystem service indicators and metrics to communicate the state (stocks and flows) of natural
resources to inform management practices (Layke et al., 2012). Indicators and metrics are essential to demonstrate whether or not
these services are being sustained or lost, their dependence on management practices, and how policies should be designed to ensure
the continuous provision of ecosystem services and associated benefits to humans (Schroter et al., 2005; Layke et al., 2012; Egoh et al.,
2012). The MEA (2005a) has demonstrated the need for such indicators. Recent reviews emphasized that these indicators need further
improvement (Bateman et al., 2013; Cochran et al., 2020). Following this conclusion and considering the current advances in the
natural sciences knowledge of Earth’s critical zone, we propose to base the biophysical assessment of critical zone services on bio-
physical indicators and metrics rather than the currently used ecosystem services assessment tools.

In order to correctly understand and appropriately use the indicators and metrics of critical zone services, and more generally to
structure the valuation, we have to analyse what biophysical information the indicators represent for sustaining the provisioning of
critical zone services. To address this we proposed a simplified conceptual framework (presented in Fig. 4) for structuring the analysis
and the classification of indicators of critical zone services. The framework includes the stocks of rock, water, gases and organisms of
Earth’s critical zone that deliver the actual flows of critical zone services, the efficiency of the processes and functions of Earth’s critical
zone in maintaining the flows that deliver the critical zone services, the sustainability of providing critical zone services, and the
economic benefits of critical zone services. Here, efficiency defines that degree to which flows are sustained at a maximum or optimum
value for human benefits (Kihara et al., 2020). Stocks define the potential of Earth’s critical zone to provide critical zone services, and

1)Groundwater recharge 1)Groundwater abstracted for  1)The maximum utilization of 1)Cost of drinking water
volume drinking available groundwater for 2)Avoided water treatment
2)Waste volume purified  2)Nitrogen purified by drinking costs
by groundwater groundwater 2)The proportion of nitrogen
purified by groundwater as a
fraction of input
—{ Sustainability —

1)Water Exploitation Index(the proportion of groundwater abstracted for
consumption from the availability of groundwater in a given time period)
2)Accumulated nitrogen retained in the groundwater in a given time period

Fig. 4. Conceptual framework to classify indicators of critical zone services derived from groundwater. The diagram presents examples of indicators
for the groundwater services of 1) freshwater storage and supply and 2) water purification and waste treatment.
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their assessment relies on biophysical data (e.g. subsurface void volume filled with groundwater and also the rate of replenishment)
(Sato et al., 2020). However, flows capture the actual use of the critical zone services, and their quantification requires the acquisition
of socio-economic data (e.g. groundwater abstracted for drinking) (Langemeyer and Connolly 2020).

Sustaining the benefits to humans over time relies on the continuous provision of goods and services, while intensive exploitation
pressures on the critical zone result in a high risk of failure to maintain optimum benefits (Manea et al., 2020). For this reason, it is
important to consider the notion of sustainability of stocks and the resulting flows that benefit humans when assessing the critical zone
services. In some cases, we suggest collecting biophysical indicators regarding the efficiency of the critical zone processes and func-
tions that deliver critical zone services to and used by humans. The theoretical basis would come from natural sciences’ understanding
of what biophysical information the proxy represents for sustaining the stocks and flows of critical zone services. As an example, the
mass representing 80 % of nitrate as pollution that could be purified by groundwater in a given time is an efficiency proxy of the water
purification service provided by groundwater.

Many provisioning services are tangible goods (such as rice, fish, water) and can be measured and quantified relatively easily.
Regulating services which are being integrated into economic markets or subject to government regulation, such as climate regulation
from carbon sequestration provided by soil, water purification and waste treatment provided by surface water and groundwater,
generally have more developed indicators and metrics than those services which do not have a built infrastructure or market analogue.
However, many regulating services (e.g. the biological control of pests and diseases) are less tangible and cannot readily be quantified
directly. Similarly, within cultural services, recreation and tourism services are traded in existing markets and have strong indicators
and metrics; however, aesthetic, sensual, intrinsic and existence value, such as that provided by the atmosphere or landscape, is
intangible and does not have an economic market. Also, it is not trivial to identify and quantify a suitable indicator for cultural services.
In these cases, sometimes of less tangible services, we propose to use indicators on either sustainability or efficiency to assess critical
zone services. For example, some degraded soils can be deficient in the functioning of filtering of nutrients and contaminants.
Therefore, the amount of each potentially toxic element (e.g. transition metal levels based on mass per cent in dry soil and soil bulk
density) accumulated in a given period can be used as a sustainability indicator of soil’s service of filtering of nutrients and con-
taminants. Most crops’ functional food quality (energy value, protein content, sugar content) provided by vegetation can be used as an
efficiency indicator, while the amount of dry matter of crops per hectare per year measures the flow of food production.

Those biophysical indicators that convey the same information but are formulated differently should be only counted once in the
economic valuation. In some cases, to take food production derived from surface water as an example, fish yield is used as a food
production metric and should, therefore, not be included as a separate indicator for other services such as water quality.

Also, the biophysical indicators should only capture the service provided by the stocks that are determined by the structure and
function of Earth’s critical zone, and the biophysical metrics should differentiate and subtract the part of service coming from added or
built capital (e.g. fertilizer invested in soil, fish aquaculture facilities built in the lake) to inform the provision of the service. For
example, when quantifying the provision of food from vegetation, the influence of phosphorus (P) and nitrogen (N) fertilizer inputs,
irrigation water and drainage must be distinguished from the total production and distinguished separately from that arising otherwise
from critical zone processes. The biophysical indictors that are chosen in the valuation methods are based on an assumption that metric
values representing good condition indicate a healthier and more resilient ecosystem that provides more services and maintains the
capacity to provide them for the future. However, to what extent this is the fact requires detailed process understanding which, for
many services, remains a research frontier.

Based on these criteria, we identified the majority of relevant indicators available to assess the biophysical value of critical zone
services, which are summarized in Supplement 2. It should be noted, however, that this list does not capture all possible indicators to
measure Earth’s critical zone, but represents those that we have selected for the critical zone goods and services that we identified from
literature review and summarized in Table 1.

3.6. Economic valuation techniques

Economic valuation is the process of measuring in monetary terms welfare changes associated with changes in environmental
quality or level of provision of ecosystem services based on individual human preferences (Bateman et al., 2013). The economic
valuation of critical zone services offers a common unit to represent the value of critical zone services by aggregating welfare changes
derived from Earth’s critical zone. This estimation facilitates economic decisions and financial markets to determine the economic
value of the non-market goods and services of Earth’s critical zone (Costanza et al., 1997; Daily 1997; Baveye et al., 2013; Hansjiirgens
et al., 2016; Lienhoop et al., 2018). The value of the world’s ecosystem services and natural capital estimated by Costanza (1997) is a
milestone in economic valuation of ecosystem services. Since then, economists have worked extensively on various economic valuation
methods for monetizing ecosystem services and applied these approaches to a wide range of specific ecosystems (e.g. forests, lakes)
(Liu et al., 2018).

Overall, there are two categories of economic valuation approaches: market-based and non-market based methods. Market-based
valuation methods assess either the economic value or the avoided environmental impacts reflected in the price. This approach is based
on the fact that individuals have observed preference for an ecosystem service that has already been traded in the existing market.
These observed preferences are reflected through direct and/or indirect markets and are measured by various market-based ap-
proaches such as market price and replacement cost. Non-market based valuation methods attempt to elicit pre-existing preferences for
a service that is not traded in well established markets (Guo et al., 2001). The basis of this method is that the economic value of a good
or service can be elicited through the process of reasoned discourse with other members of society (Hattam et al., 2015). Non-market
based approaches are able to measure both the revealed preferences through surrogate markets using for instance, hedonic pricing
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(captures a consumer’s willingness to pay for perceived environmental differences) and travel cost (calculates willingness to pay for a
constant price facility), and stated preferences through hypothetical markets employing methods such as contingent valuation, choice
modelling and choice experiment. Another practical non-market based method to estimate the economic value of critical zone services
is the value transfer approach. Value transfer means using economic estimates from previously obtained data to a new study, which
values services provided by the ecosystem of interest at another location or time (Davidson 2013; Grizzetti et al., 2016). The hypothesis
of this method is that the existing estimates of ecosystem services can be transferred to a different context. The methods for economic
valuation available for critical zone services are summarized in Fig. 5.

Many economic valuation methods have been used to estimate the economic value of soil and water (surface water and ground-
water) ecosystem services. Jonsson et al. (2016) reviewed 14 approaches for valuing soil ecosystem services. Grizzetti et al. (2016)
summarized 7 valuation methods for estimating the economic value of water ecosystem services. These economic valuation methods
encompass the standard accounting methods for estimating the economic value of ecosystem services, e.g. as summarized in Fig. 5. In
this study we selected several economic valuation methods that have been accepted widely for comparing market and non-market
value in economic decision-making, and uncontroversially have been applied in the previous literature to measure the economic
value of critical zone services. Also, the techniques used to value each critical zone service are based on the biophysical metrics and
indicators that are selected to represent stocks and flows of the services over time, and should be relevant for the chosen scale and land
use (Dominati 2013). For example, many provisioning services of Earth’s critical zone can be easily traceable through well-functioning
markets; therefore, they can be estimated by using market-based valuation methods such as market price. For those services that have
no effects on private goods or services traded in existing markets, non-market based valuation methods are available. For example,
sediment retention in surface waters is not traded in the existing markets; however, there is a surrogate market providing replacement
cost of removing the retained sediment. Therefore, this replacement cost in the surrogate market can be used as a price to estimate the
economic value of sediment retention (Pizzol 2015).

For those critical zone services that lack data in one location but have abundant data in a similar scenario, we adopt the value
transfer method to estimate their economic value. For example, air quality accounts for little weight in developing countries, as a result
there are very few economic data directly related to air quality regulation services. However, developed countries that have well-
established data on the resulting health impacts and costs of, e.g. respiratory illness arising from particulate air pollution, hold
many relevant data sets that are available for the economic valuation of this ecosystem service. The transfer errors when using value
transfer methods, for example, the economic value in different countries is affected by income differences, should be considered.

In the specific case of economic valuation of atmospheric services, the provisioning services can be monetized by using non-market
based valuation methods such as hedonic pricing. The regulating service of the cleansing capacity of the atmosphere and dispersion of
air pollution can be monetized through the replacement cost method (e.g. control cost of pollutants). As aesthetic, sensual, intrinsic
and existence value are not traded in the established market, non-market approaches such as travel cost derived from surrogate
markets and contingent valuation method simulated from hypothetical markets can be adopted for the economic valuation.

Among the three categories of critical zone services (provisioning, regulating and cultural), cultural services are frequently
underestimated in the literature of economic valuation of ecosystem services (Nepal et al., 2018). This may originate from the
characteristic of cultural services, which are created through experiential interactions between humans and ecosystems rather than as
priority products of nature that people utilize to enhance their well-being, making it intangible and difficult to estimate the economic
value. The existing literature on the monetary valuation of cultural services is largely limited to applying contingent valuation, travel
cost, damage cost and hedonic pricing approaches to estimate the economic value of recreation and tourism services. However, the
economic valuation methods for other important cultural services such as knowledge systems, cultural diversity, educational and
aesthetic values, spiritual and symbolic value are rarely studied. This remains a research frontier.

The principal economic valuation approaches that are available for critical zone services, relevant for each of 5 biophysical
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Fig. 5. Schematic classification of the different methods that have been developed for the economic valuation of ecosystem services.
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components, are listed in Supplement 3. However, this compilation is not comprehensive and there are additional economic valuation
methods that can be included to calculate the economic value of critical zone services.

3.7. A case study of economic valuation of Earth’s critical zone

Table 2 summarizes the results of a pilot study of economic valuation of Earth’s critical zone in the Zhangxi catchment, Zhejiang,
China (Nie et al., 2020) that applied the partial equilibrium approach and the methodology described in this study.

The study area of Zhangxi catchment occupies an area of 91.59 km? and the main land cover type is forest (76.98 %). Crude drug,
vegetables and fruits are the main agricultural products in the Zhangxi catchment. The Gross Domestic Product (GDP) of the Zhangxi
catchment was USD 431 million in 2018. In order to estimate the economic value of Earth’s critical zone at the location of Zhangxi
catchment, fourteen critical zone services were identified, including services that would otherwise have been excluded, derived from
the atmospheric boundary layer and groundwater of Earth’s critical zone (Table 2) but excluding supporting services. The estimation
was based on the biophysical indicators, economic valuation techniques and data availability. The estimated economic value of Earth’s
critical zone of Zhangxi catchment was USD 116 million, accounting for 0.27 times of its GDP (Nie et al., 2020). This fraction of GDP is
lower than that calculated as the fraction based on the value of global ecosystem services (Costanza et al., 1997) but similar to the
estimate made by classical economists, indicating Earth’s critical zone provides economic value through a range of critical zone
services (Nie et al., 2020). The study deals with a real, site-specific example and demonstrates how such an economic valuation method
demonstrated in this study is possible in practice.

4. Conclusions and future work

This paper developed a methodology for economic valuation of Earth’s critical zone as a specific physical system that supplies most
life-sustaining resources as benefits to humans. This method includes the advances in the natural sciences’ knowledge of Earth’s
critical zone and the current thinking on ecosystem services. Incorporation of Earth’s critical zone into ecosystem service valuation
concepts expands the currently predominant focus on the above-ground landscape, allowing a more comprehensive valuation of
services that arise from the integrated functioning of the whole of the critical zone. Defining critical zone benefits as those derived from
stocks and flows contained within Earth’s critical zone that deliver services to humans is a conceptual advance that allows a gener-
alized definition and clear delineation of the critical zone as the terrestrial component of the Earth system upon which humans depend.
This development enables a useful conceptual advance and improved quantitative methodology as proposed by this manuscript. We

Table 2
Economic valuation of Earth’s critical zone.
Earth’s critical zone Biophysical indicators Scale Unit price Economic value TEV"‘(USD~yr’1‘1O’6)
services (USD-yr1.1079)
Atmosphere 4.94
Air that humans breathe 5475 m®-.person !.yr ! 47,178 $0.018 m” 4.94
persons 3.person!.day !
Vegetation 96.17
Food production Yield (kg-ha=-yr ) ha Market prices 88.17
Climate regulation The climatic adjustment ecosystem 70.51 km? $360.89 ha—! yr! 2.55
value of forest in terrestrial China
Waste treatment 10,110 kg ha=t.yr~! 70.51 km? $25.68 t1 1.84
Water regulation 192.4 mm 73.06 km? $0.02 m™ 0.27
Erosion control 1060 t km 2.yr? 170.51 km?  $1.96 t* 0.15
Biological control Shannon-Wiener index<1 70.51 km? $453.17 ha ! yr! 3.19
Soil 7.72
Carbon sequestration 19.1¢g kg’1 (0-10 cm) 86.08 km? $50 t * 0.42
13.9 g kg~ ! (10-20 cm)

Filtering of nutrients 0.4-4.5 g kg~ (0-10 cm) 86.08 km? $302.11 7.3

and contaminants 0.1-2.73 g kg’1 (10-20 cm)
Surface water 5.42
Water storage and 3800 m>.day ! 365 $0.07 m™ 0.11

supply day-yr!
Water purification and COD:190.1 tyr? 0.73 km 2 $709.59 t1 2.29

waste treatment Ammonia nitrogen:15.24 t yr ! $1880.89 t!
Recreation and tourism 0.1-0.15 million tourists Lijiakeng 3.02

services village
Groundwater 1.89
Fresh water storage and 268.2 mm 91.59 km? $0.07 m™ 1.85

supply
Water purification and 1.71mg L™t 91.59 km? $6 kg ! 0.04

waste treatment
Total 116.14

2 TEV represents Total Economic Value.
Sources: Adapted from Nie et al. (2020).
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argue that considering the whole of the critical zone as a specific physical system improves the understanding of how critical zone
functioning benefits humans, clarifies the inventory of stocks and flows and enables decision-makers to better predict anticipated
deliveries of ecosystem services, particularly in response to human forcing that propagates impacts throughout the whole of the critical
zone. Quantitative methods for the dynamic modelling and simulation of the interconnected critical zone processes and functions over
the coming decade (Banwart et al., 2019) offers a potential way forward to integrate quantitative biophysical information with
valuation techniques that may offer advances in full equilibrium models for valuation of the critical zone. This becomes particularly
important as we use scientific evidence from critical zone research to help address growing societal needs for resources in the face of
the anthropogenic drivers of increased population, land use intensification and climate change.

We provide an interdisciplinary framework that links biophysical processes and functions, anthropogenic drivers for value crea-
tion, critical zone services for delivery of benefits to humans and economic valuation techniques for monetizing Earth’s critical zone.
This conceptual framework clearly demonstrates how Earth’s critical zone provides benefits to humans and how important the
dependence of human wellbeing is on the integrated functioning of the critical zone as a whole. We consider five distinct physical
components of critical zone structure as human habitat: atmosphere, vegetation, soil, surface water and groundwater that ensure the
provision of critical zone services to humans. Following this approach, we identified from literature review a number of services
derived from Earth’s critical zone. Based on partial equilibrium theory we proposed a methodology for location-specific economic
valuation of Earth’s critical zone.

The proposed methodology suggests selecting proxies/indicators of critical zone services to assess their biophysical value. The
approach also includes the economic valuation techniques for monetizing each critical zone service considering the spatial scale of
application. These valuation methods vary significantly and should be considered critically. Because all of these economic valuation
methods estimate the current economic value of Earth’s critical zone and neglect future generations (Bachmann and van der Kamp
2014), the discount rate should be considered when estimating the economic value of critical zone services over specified time spans.

Economic valuation of Earth’s critical zone provides a quantitative management tool that draws on recent advances from the
natural sciences and enables economists and policy makers to more transparently enumerate the provision of services from the whole
of Earth’s critical zone. In addition, valuing Earth’s critical zone by performing biophysical assessment and economic valuation
collaboratively may highlight important, but otherwise neglected, benefits for society and boost awareness and inclusion in economic
decisions of the interdependence of nature and people. However, the integration of biophysical and economic approaches and data
availability remains a major challenge and is highlighted as a current characteristic of this approach.
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