
HAL Id: hal-04660559
https://hal.inrae.fr/hal-04660559v1

Submitted on 24 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Healthy soil for healthy humans and a healthy planet
Peter M Kopittke, Budiman Minasny, Elise Pendall, Cornelia Rumpel, Brigid

A Mckenna

To cite this version:
Peter M Kopittke, Budiman Minasny, Elise Pendall, Cornelia Rumpel, Brigid A Mckenna. Healthy soil
for healthy humans and a healthy planet. Critical Reviews in Environmental Science and Technology,
2023, 54 (3), pp.210 - 221. �10.1080/10643389.2023.2228651�. �hal-04660559�

https://hal.inrae.fr/hal-04660559v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


CritiCal reviews in environmental sCienCe and teChnology
2024, vol. 54, no. 3, 210–221

Healthy soil for healthy humans and a healthy planet

Peter M. Kopittkea , Budiman Minasnyb, Elise Pendallc, Cornelia Rumpeld and 
Brigid A. McKennaa

aschool of agriculture and Food sciences, the University of Queensland, st lucia, Queensland, australia; bschool 
of life & environmental sciences, sydney institute of agriculture, Faculty of science, the University of sydney, 
sydney, new south wales, australia; chawkesbury institute for the environment, western sydney University, Penrith, 
new south wales, australia; dsorbonne Université, inrae, Cnrs, institute for ecology and ecological sciences, (iees 
Paris, Umr sorbonne Université, Cnrs, inrae, UPeC, ird), Paris, France

ABSTRACT
Soil provides multiple, diverse functions, with 
these underpinning both planetary and 
human health. For planetary health, soil con-
tributes to multiple critical processes, includ-
ing through biomass production, by 
regulating the carbon pool, providing a hab-
itat for 25% of global biodiversity, cycling the 
nutrients upon which terrestrial systems 
depend, and cycling water. Soil also under-
pins human health; humans use soil to pro-
vide 98.8% of our food and sustain our 
nutrition, regulate pathogens, and supply 
medicines. However, humans have tended to 
focus on soil almost solely for producing bio-
mass (food, fiber, and energy) through intensive agriculture, and this narrow focus now causes rapid 
soil degradation, including through loss of soil organic matter, erosion, and salinization. This degra-
dation directly harms planetary health and reduces the ability of soil to support health of future 
human generations. We argue that a healthy soil is a soil that is multifunctional and is capable of 
underpinning human and planetary health. Using this definition, a broad conceptual framework is 
provided for quantifying soil health, with such an approach enabling a shift in the way that we think 
about, plan, and manage systems to ensure ongoing planetary and human health.
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1.  Introduction

Soil is an extremely thin layer, accounting for only one ten-millionth of the earth’s total radius 
(6,371 km compared to 1 m depth). This thin layer is the interface between the living and the 
non-living and is critical for the health of both the planet and humans. However, at times, 
humans have historically shown little regard for soil and its criticality for our survival—whether 
it be in the Dust Bowl of the USA in which an estimated 20 million hectares of land became 
“mobile” (Heathcote, 1980), through contamination resulting in 19% of surveyed agricultural 
soils in China exceeding environmental limits (Wang et  al., 2019), or by the construction of 
infrastructure on the most fertile soils. Indeed, soil is often taken for granted—“We know more 
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about the movement of celestial bodies than about the soil underfoot” (Leonardo da Vinci, 
sixteenth Century).

Several concepts have developed over time as an approach for recognizing the value and 
importance of soil, including the concepts of soil fertility, soil quality, and soil health. Initially, 
these tended to focus more on the ability of soil to produce biomass in agricultural systems 
(soil fertility), but over time, the focus has become broader, taking into account the role of soil 
in global ecosystems (soil health) (Bünemann et  al., 2018, Lehmann et  al., 2020a). But despite 
this critical progress, we still do not have a well-accepted framework for defining, measuring, 
and quantifying soil health, as is required for its inclusion in models and decision-making 
processes.

This review reexamines ‘soil health’, first by better defining this term, and second by providing 
a broad conceptual framework for its quantification. Initially, we broadly consider the mecha-
nisms by which soil sustains both planetary health and human health, as this is fundamental 
to subsequently define soil health. Next, we consider how soil is degraded, and how this deg-
radation is jeopardizes the health of the planet and that of future human generations. Then, by 
giving consideration to the mechanisms by which soil underpins planetary and human health, 
we develop a fundamental framework for measuring and quantifying soil health. The ideas 
argued here build upon the excellent work of others (Lehmann et  al., 2020a, Rinot et  al., 2019). 
Developing an approach that enables us to maintain soil health is critical for ensuring the 
long-term hospitability and survivability of our planet.

2.  Role of soil in planetary health: the multifunctional nature of soil

Various approaches have been used to identify, value, and quantify the multiple contributions 
that soil makes to the environment and to human society. Over the last couple of decades, the 
term ‘functions’ has been developed, with the functions provided by soil determining its ability 
to contribute to broader environmental services (Greiner et  al., 2017). Accordingly, soil functions 
are defined as “bundles of soil processes that underpin the delivery of ecosystem services” 
(Bünemann et  al., 2018). Importantly, soil is ‘multifunctional’ because it does many things 
simultaneously. Indeed, soil provides numerous functions, including biomass production, nutrient 
cycling, water cycling, carbon storage and cycling, protecting biodiversity, providing recreation, 
store of history, and providing building materials (Evangelista et  al., 2023, Greiner et  al., 2017, 
Vogel et  al., 2019, Zwetsloot et  al., 2021). Furthermore, it is because of this multifunctional 
nature that soil is critical for planetary health—soil underpins multiple vital planetary processes 
(Evangelista et  al., 2023). Indeed, the multifunctional nature of soil enables it to play a central 
role across multiple, and extremely diverse, planetary processes and provide a range of ecosystem 
services. It has recently been noted that ecosystem service provision by soils is the result of 
multiple interactions, leading to emergent system properties (Harris et  al., 2022).

Here, we highlight five of the key functions of soil that underpin planetary health: biomass 
production, regulation of the carbon (C) pool, provision of habitat for biodiversity, nutrient 
cycling, and water cycling (Figure 1). Whilst soil has more than five functions, it is known that 
these five soil functions are of central importance for the earth system and for sustainable 
development of human societies (Kopittke et  al., 2022, Vogel et  al., 2019, Zwetsloot et  al., 2021).

The first critical function of soil is the provision of biomass, with soil supporting the 470 Pg 
C of terrestrial biomass (Bar-On et  al., 2018). However, humans have increasingly appropriated 
biomass production through intensive agricultural systems, with soil providing 98.8% of the 
calories consumed by humans worldwide (see later). The second function of soil is regulation 
of the C pool—soil stores ca. 3,012 Pg of organic C within the surface 2 m (Sanderman et  al., 
2017), with 61 Pg of C entering soil through plants each year and a similar amount lost from 
soil to the atmosphere under steady-state conditions. In other words, the soil C pool is dynamic, 
with 7% of the atmospheric C pool cycled through soil annually. Thirdly, soil provides habitat 
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for 25% of global biodiversity (Bach & Wall, 2017), with more than 40% of living organisms in 
the terrestrial environment directly associated with soil—this makes soil the most biologically 
diverse habitat on Earth. The fourth function of soil is nutrient cycling. Without the nutrients 
cycled by soil, plant growth in terrestrial systems would be almost non-existent—soil accounts 
for 94% of nitrogen (N) in the terrestrial environment and 98% of the phosphorus (P) (Wang 
et  al., 2010). The fifth and final of these central soil functions is water cycling. Soil is the largest 
store of water in the terrestrial ecosystem, storing up to a maximum of 121,800 km3 of water, 
averaging 17,000 km3 at any given time (Webb et  al., 1993).

3.  Direct role of soil in human health

Not only does soil underpin planetary health, it also underpins human health—humans depend 
upon soil for our survival. In a similar manner to planetary health, the contribution of soil to 
human health is related to its multifunctional nature, with soil making broad and diverse con-
tributions (Figure 1). Indeed, this is recognized through the concept of ‘one health’, the 
soil-plant-animal-human-planetary health continuum (Singh et  al., 2017).

First and foremost, soil provides 98.8% of the calories consumed by humans worldwide, with 
human health and survival therefore entirely dependent upon soil. Historically, this food was 
obtained through hunting and gathering, but more recently, this has been achieved through the 
clearing of native vegetation and the use of industrialized agricultural practices. Given the rapidly 

Figure 1. a healthy planet and healthy humans rely upon the multifunctional capacity of healthy soil.
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increasing human population coupled with dietary changes, demand for the calories provided 
by soil is increasing rapidly. This increases the stress placed on soil by humans—food production 
must increase by 50% between 2012 and 2050 (FAO, 2021). Not only does soil provide food, it 
also provides humans with biomass in the forms of fiber and energy. For example, it has been 
estimated that 32 million ha are used for the production of biofuels (Langeveld et  al., 2014).

In addition to supplying biomass for calories, soil supplies the majority of the essential human 
nutrients, with this being related to both the biomass production function of soil as well as the 
nutrient cycling function of soil. Of the 29 elements that are essential for humans, 13 are also 
essential plant nutrients that are obtained from soil, and five are elements obtained from soil 
that are required by some plants but not all (Brevik, 2012). As an example of the role of soil 
in contributing to human nutrition, ca. 50% of the world’s most important agricultural soils 
have inadequate levels of Zn (Alloway et  al., 2008), and as a result, it is estimated that 1.1 
billion people suffer from a dietary deficiency of Zn (Kumssa et  al., 2015). Indeed, most regions 
in the world where Zn deficiency in humans is of greatest concern (including South Asia and 
Africa) are also the regions with low concentrations of plant-available Zn in the soil (Cakmak 
et  al., 2017). Whilst the inadequate supply of nutrients from soil into human diets is problematic, 
in a similar manner, elevated concentrations of inorganic and organic pollutants that are present 
in soil also impact adversely upon human health (with this also related to the biomass produc-
tion and nutrient cycling functions of soil). For example, Europe contains 2.5 million potentially 
contaminated sites, in the USA the Office of Solid Waste and Emergency Response (OSWER) 
has cleaned up over 540,000 sites, whilst in China it is estimated that nearly 20 million ha of 
farmland (ca. one-fifth of total farmland) is contaminated by heavy metals (FAO & ITPS, 2015). 
As a result, market basket surveys in China have shown that 2-10% of the rice samples surveyed 
exceeded the maximum permissible level of Cd in rice (Wang et  al., 2019).

Soil also contributes to human health by the provision of medicines through soil biodiversity, 
with most clinically-relevant antibiotics coming from soil (Brevik, 2012). Indeed, it has been 
estimated that ca. 40% of prescription drugs are derived from soil (Pepper et  al., 2009). Finally, 
soil also plays a role in human health through soil-borne pathogens, including viruses, bacteria, 
fungi, protozoa, and a range of worms. These pathogens can infect humans by passing through 
the skin, through a skin abrasion, through ingestion, or through inhalation (Brevik et  al., 2020). 
These soil-borne pathogens cause many well-known diseases in humans, including Hepatitis A 
and E, Poliovirus Types 1 and 2, E. coli, anthrax, tetanus, botulism, and tuberculosis, ringworm, 
and tapeworm (Brevik et  al., 2020).

4.  Humans have a unifunctional focus and it is causing degradation of soil and loss 
of multifunctionality

Although soil is multifunctional, with this underpinning both planetary and human health, 
humans have historically tended to have a unifunctional focus (i.e., focus almost exclusively on 
a single function)—the provision of biomass for human consumption through agricultural pro-
duction. Indeed, although soil has at least five key functions (biomass production, regulation of 
the C pool, provision of habitat for biodiversity, nutrient cycling, and water cycling), there has 
been widespread global land-use change to increase human-appropriation of only one of these 
functions—biomass production. To illustrate this point, whilst humans currently use 1,600 million 
ha (12% of the ice-free land) of productive land for crops and 3,200 million ha (25%) for per-
manent grassland and pasture (FAO., 2023), there is comparatively little widespread global use 
of soils for the other key soil functions.

The rapidly growing population, in addition to shifts in consumptions patterns, are profoundly 
increasing the stresses placed on soil to provide this biomass through agricultural production. 
Indeed, this use of soil by humans to produce biomass through intensive agriculture is now 
causing degradation and is decreasing the ability of soil to provide its other multiple functions. 
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Accordingly, it is estimated that 33% of soil globally is moderately to highly degraded, and that 
52% of agricultural land is moderately to severely degraded costing US$400 billion per year 
(ELD, 2015, FAO & ITPS, 2015). According to the United Nations Convention to Combat 
Desertification (UNCCD), the global economy will lose US$23.2 trillion by 2050 due to land 
degradation (UNCCD, 2018). Soil degradation disproportionately occurs in cropping soil—
although cropland covers 13% of global land-cover, it accounts for 29% of all degraded areas 
(FAO, 2021).

One important form of soil degradation is the loss of soil organic matter (SOM) and the 
concomitant release of carbon dioxide to the atmosphere as a greenhouse gas. As already noted, 
soil stores ca. 3,012 Pg of organic C within the surface 2 m, but it is known that long-term 
cropping of soil reduces these SOM stocks by 30-60% by decreasing inputs of organic materials 
to soil as well as by increasing outputs (losses) of SOM from the soil. Indeed, it is estimated 
that 116 Pg of C has been lost from SOM stocks globally due to land-use change (Sanderman 
et  al., 2017). This loss of SOM causes both a decrease in inherent soil fertility, decreasing the 
ability to produce biomass (including food), as well as the release of C to the atmosphere as 
carbon dioxide which contributes markedly to global warming and may thus affect human health 
(Rumpel et  al., 2022). Erosion following loss of organic matter is also an important mechanism 
resulting in degradation of soil, with an estimated 20-37 Gt of soil lost annually (FAO, 2021). 
This is equivalent to up to ca. 4 t of soil per person globally. Not only does this erosion have 
adverse off-site effects due to issues with sedimentation, but it is generally the most fertile 
surface soil that is eroded and lost. This results in the direct loss of the nutrients required for 
plant growth, including an estimated 23-42 Mt of N and 15-26 Mt of P annually, with a replace-
ment value of $33-60 billion for N and $77-140 billion for P (FAO & ITPS, 2015). The 
over-application and inefficient use of fertilizers also contributes to soil degradation—although 
the application of fertilizers to soil is now essential for providing food for ca. half of the world’s 
population (Erisman et  al., 2008), their over-application is causing the release of greenhouse 
gases (especially nitrous oxide), acidifying soil, and causing eutrophication of water bodies 
(Snyder et  al., 2009). Indeed, global N use efficiency is estimated to be 47% (Lassaletta et  al., 
2014), meaning less than half of all N fertilizer applied is taken up by crops. Soil can also be 
degraded through salinization, with this occurring through multiple mechanisms, including the 
irrigation with poor quality waters, elevation of the groundwater table due to over-irrigation, 
and the clearing of deep-rooted native vegetation, causing increased recharge and elevation of 
the groundwater table. Salinization is estimated to lead to loss of 1.5 million ha of productive 
cropland annually (FAO, 2021).

This soil degradation, whether it be from SOM loss, erosion, salinization, over-application of 
fertilizers, acidification, or from other factors (including contamination with toxic compounds), 
results in a marked decrease in ecosystem services derived from soil due to decline of its mul-
tifunctionality. For example, the substantial loss of SOM due to agricultural practices decreases 
all five functions of soil given that SOM is an integral component of the soil C pool, it drives 
biomass production, it is central for cycling of nutrients, it is the energy source for soil biodi-
versity, and it is important for water cycling in soil given SOM’s role in regulating soil structure. 
In a similar manner, the other forms of degradation (such as erosion and salinization) also 
decrease soil multifunctionality through one or more mechanisms.

5.  This loss of soil multifunctionality is already causing planetary harm

This degradation of the soil that results from the intensive anthropogenic use of the soil, together 
with the associated loss of its multifunctionality, is causing substantial harm to planetary health. 
With humans increasing demand for biomass production from soil, the anthropogenic pressures 
being placed on soil are causing changes in critical Earth-system processes and pushing the 
planet into a less hospitable state. Applying the planetary boundaries concept (Steffen et  al., 
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2015), soil is considered a master variable for the regulation of critical Earth-system processes. 
Indeed, of the seven Earth-system processes that have been quantified (Steffen et  al., 2015), 
unsustainable soil use plays a critical role in modifying the Earth-systems in at least two and 
smaller contributions for a further three (Kopittke et  al., 2021).

Importantly, unsustainable human use of soil makes it an important contributor to climate 
change, with climate change considered as one of the two ‘core’ planetary boundaries (Steffen 
et  al., 2015). Indeed, anthropogenic emissions from soil account for ca. 15% of the entire global 
increase in climate warming (radiative forcing) due to the well-mixed greenhouse gases, primarily 
due to carbon dioxide from loss of soil organic matter (74% of soil-derived warming), but also 
due to nitrous oxide (17%) and methane (9%).

Another critical Earth-system process where anthropogenic use of soil degrades planetary 
health is through land-system change (Steffen et  al., 2015). This is because the primary driver 
of land-system change is agriculture, with soil therefore being the indirect driver of deforestation 
to clear soil for cultivation of crops and livestock to produce the food by supplying nutrients 
and water. For example, it is estimated that agriculture, and its reliance on soil, has accounted 
for 80% of deforestation (Hosonuma et  al., 2012), with global land cover change causing annual 
topsoil SOC losses of 1.9 Pg SOC yr−1 (Padarian et  al., 2022).

Not only does anthropogenic use of soil contribute to climate change and land-system change, 
but it is also a major contributor to biogeochemical flows of N and P. Excess losses of these 
nutrients are of concern for planetary health as they can lead to eutrophication of water bodies, 
even potentially causing an ocean anoxic event severe enough to result in large-scale extinction 
of marine life (Watson et  al., 2017). The application of N and P to soil, primarily for agricultural 
production, accounts for at least 66% of anthropogenic N and 38% of the P (Kopittke et  al., 
2021). Thus, the anthropogenic use of soil results in it being a major global contributor to the 
biogeochemical flows of N and P that have already exceeded the planetary boundary.

Finally, anthropogenic use of soil is also threatening planetary health by disrupting biosphere 
integrity (genetic diversity). Although soil accounts for 25% of global biodiversity (Bach & Wall, 
2017), intensive agriculture profoundly decreases the complexity of the soil food web and reduc-
ing the mass of soil fauna (Geisen et  al., 2019, Tsiafouli et  al., 2015). However, this impact is 
far from being understood due to the complexity of soil systems. Given that we are only in our 
infancy of understanding the role of soil biodiversity in environmental health (van Bruggen 
et  al., 2019), it is not currently possible to quantify the effect of anthropogenic land-use change 
on broader biosphere integrity and the loss of genetic diversity.

6.  Will the loss of soil multifunctionality also harm future human health?

6.1.  Future biomass production for human use

If soil underpins human health and planetary survivability, then what are the implications of 
ongoing degradation of soil, and the loss of its multifunctionality, on human health? The con-
tinued degradation of soil through human activities, especially intensive agricultural production, 
will have increasingly adverse effects on the biomass production that humans rely upon through 
multiple mechanisms.

The first is through a direct effect, with the loss of multifunctionality directly decreasing 
biomass production for humans. This is because biomass production is one of the five key soil 
functions—in other words, intensive agricultural practices are already degrading soil and decreas-
ing its inherent production capacity, thereby decreasing the long-term ability of soil to supply 
biomass to future generations. For example, the profound loss of SOM caused by intensive 
agricultural practices is critical in reducing future productivity—it is well-known that the loss 
of SOM decreases biomass production (Bot & Benites, 2005), with increases in the SOM content 
to regionally-specific targets potentially increasing global yields by 23% for wheat and 10% for 
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maize (Oldfield et  al., 2019). In a similar manner, the ongoing erosion of soil is predicted to 
reduce crop yield by up to 10% by 2050.

The second, highly interconnected, long-term effect of a decrease in soil multifunctionality 
on human health is an indirect effect, by contributing to climate change and the loss of bio-
diversity. This not only has long-term effects on the hospitability of our planet, but it also 
expected to indirectly decrease the ability of humans to produce our food from soil. For example, 
it is thought that climate change has already decreased consumable calorie production by 1% 
(Ray et  al., 2019) and that by 2050 it is expected that climate change will have decreased 
per-person global food availability by 3.2% (Springmann et  al., 2016). In a similar manner, the 
loss of soil biodiversity that occurs in intensive agricultural systems is known to decrease overall 
soil productivity given the critical role of soil biodiversity in suppressing disease-causing organ-
isms and improving nutrient cycling and fertility. Indeed, it has been shown that increasing 
biodiversity complexity in soil can increase resilience, nutrient-use efficiency, and crop yield 
(Wall et  al., 2015).

The long-term ability of humans to produce adequate food and other biomass depends upon 
our ability to decrease soil degradation and maximize soil multifunctionality, thereby maintaining 
food production and helping maintain planetary health. Sustaining human health in the future 
will be a challenge—we will require 50% more food with 44% of cropland already degraded, a 
further 18% deteriorated (FAO, 2021), and up to 90% of soil predicted to be degraded by 2050.

6.2.  Loss of soil multifunctionality also contributes to social and political instability

Not only will ongoing soil degradation and the associated loss of multifunctionality decrease 
the ability of humans to produce food (biomass) for our survival, but it is expected that this 
will increase social and political instability. Indeed, there is considerable interest in the causal 
relationship between food security and conflict, with both violent conflict leading to food inse-
curity and with food insecurity also leading to violent conflict (FAO, 2018). In this regard, it 
has been found that in areas with conflict, cropland increases the frequency of violence against 
civilians given that combatants must turn to local agricultural resources for sustenance (Koren 
& Bagozzi, 2017). Growing competition for land due to soil degradation leads to the loss of 
productivity and increased conflict (Bora et  al., 2010).

7.  Healthy humans and a healthy planet require healthy soil

Given the critical role of soil in underpinning both human health and planetary health, it is 
imperative that we minimize the degradation of soil so that it can continue to provide its mul-
tifunctionality to secure human and planetary health for future generations. The term ‘soil health’, 
however, is itself not clear. As with human health, measurement is not easy and no single 
measurement adequately covers all aspects of health.

For ‘soil health’, the first issue is finding a suitable definition—over the last couple of decades, 
the focus has shifted from productivity to a definition encompassing the broader role of soil in 
ecosystems. For example, soil health has been defined as “the continued capacity of soil to 
function as a vital living ecosystem that sustains plants, animals and humans” (Lehmann et  al., 
2020a), although this definition is perhaps too narrow given that the ability of soil to sustain 
other organisms is also of central importance, such as bacteria and fungi. In a somewhat similar 
manner, the United Nations Intergovernmental Technical Group on Soils (ITPS) define healthy 
soil as “the ability of the soil to sustain the productivity, diversity, and environmental services 
of terrestrial ecosystems” (ITPS., 2020). However, this definition from the ITPS is somewhat 
unclear as it is uncertain how “productivity”, “diversity”, and “environmental services” differ from 
each other (or the underlying basis for selecting these specific terms) and a conceptual frame-
work is not provided to allow for the assessment of soil health using this definition. Finally, we 
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note that frameworks have recently been developed for assessing soil health. For example, in 
the framework of Rinot et  al. (2019), soil health is related to its ability to provide the three 
broad types of ecosystem services—regulating, provisioning, and supporting services, whilst in 
the framework of Li et  al. (2021), soil health is estimated by using both the natural soil pro-
ductivity and the human management productivity. Harris et  al. (2022) defined soil health based 
on system complexity and emergent properties, arguing that soil health measurements require 
the discovery and identification of system properties and their dependence on complexity and 
connectivity. In a similar manner, Evangelista et  al. (2023) proposed a framework for assessing 
soil security that integrates six existential challenges to sustainable development through five 
dimensions: capacity, condition, capital, connectivity, and codification. Their proposed assessment 
framework involves evaluating soil functions, soil services, and threats to soil using potential 
indicators for each dimension.

We propose a somewhat different approach whereby we define a ‘healthy soil’ as one that 
provides the multifunctionality that underpins planetary and human health. In other words, soil 
health is the ability of the soil to produce biomass, regulate the C pool, provide habitat for 
biodiversity, cycle nutrients, and cycle water. Although some soils inherently have a lower mul-
tifunctional capacity than others (for example, compare a sandy soil in an arid climate to a 
clayey soil in a humid environment), this is not to say that some natural soils are inherently 
healthier than others—soil health should not be compared to an average or idealized value. 
Rather, the health of a soil is related to human impacts, and soil health is determined by com-
paring the decreased multifunctional capacity of a soil impacted upon by humans to that of the 
comparable natural soil—a ‘reference state’ (Román Dobarco et  al., 2021). For example, by 
examining how changes in land use (such as intensive cropping) has decreased the ability of 
soil to provide its broad multifunctionality (for example, its ability to provide C pool regulation) 
compared to the corresponding value for the natural soil, this provides quantification of the 
effect of land management practices on soil health (Figure 2).

Figure 2. Quantifying the magnitude of the decrease in the five key soil functions that underpin a healthy planet and healthy 
humans (Figure 1) used to calculate the change in soil health caused by land-use change relative to a comparable natural soil 
(reference state).
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According to our conceptual approach, an assessment of soil health requires quantification 
of soil functions and comparison to the corresponding reference state (Figure 2). Whilst quan-
tifying soil multifunctionality is not straight-forward, considerable progress has already been 
made in developing a framework and multiple studies have provided approaches (Jónsson & 
Davíðsdóttir, 2016, Vogel et  al., 2019, Zwetsloot et  al., 2021). For example, approaches have 
been developed for the quantitative evaluation of soil multifunctionality, both in terms of the 
soil’s potential state and actual state (Kibblewhite et  al., 2008), based upon the measurement 
of soil attributes as indicators to assess the ability of soil to fulfill its functions (Vogel et  al., 
2019). For example, the biofunctool was developed to assess four major functions needed to 
maintain soil health with simple methods, which can be directly applied in the field (Thoumazeau 
et  al., 2019). Most importantly, frameworks have been developed for assessing changes in soil 
condition and capability over large areas using appropriate reference states (Román Dobarco 
et  al., 2021).

In our conceptual framework, we have first considered here the core functions by which soil 
underpins planetary and human health, with soil health then measured by quantifying this 
multifunctionality and comparing to the reference state for a corresponding natural system 
(Román Dobarco et  al., 2021). In the previous approach (Rinot et  al., 2019), the three types of 
soil ecosystem services (regulating, provisioning, and supporting) are each quantified and nor-
malized to a uniform scale (0-100), with the relative performance of each of these three ecosystem 
services being the difference between the maximum and minimum value.

Regardless, the development of approaches for measuring and quantifying soil health, such 
as the broad conceptual framework presented here, will allow development of models to enable 
the spatial assessment of soil health, identification of the least healthy soils where interventions 
are required, and development of predictive tools to enable their better management and opti-
mization. Quantification of soil health, and changes in soil health, would also enable the deg-
radation of soil to be adequately accounted for in economic decision-making models. These 
approaches, underpinned by soil health, would not only enable appropriate policy interventions, 
but would also assist with decision-making at local levels (Lehmann et  al., 2020b). Indeed, this 
would facilitate the strategic implementation of sustainable soil management strategies (Kopittke 
et  al., 2019) to maintain and improve the soil-plant-animal-human-planetary health continuum 
(Yan et  al., 2022). Such an approach is imperative if we are to maintain and improve future 
human and planetary health.
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