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Soil biodiversity and human health

Diana H. Wall'*, Uffe N. Nielsen®* & Johan Six>*

Soil biodiversity is increasingly recognized as providing benefits to human health because it can suppress disease-causing
soil organisms and provide clean air, water and food. Poor land -management practices and environmental change are,
however, affecting belowground communities globally, and the resulting declines in soil biodiversity reduce and impair
these benefits. Importantly, current research indicates that soil biodiversity can be maintained and partially restored
if managed sustainably. Promoting the ecological complexity and robustness of soil biodiversity through improved
management practices represents an underutilized resource with the ability to improve human health.

oils comprise a dynamic reservoir of biodiversity within which the

interactions between microbes, animals and plants provide many

benefits for human well-being; however, their potential use for the
maintenance of human health has been less clear! . Living soils are vital
to humans because soil biodiversity, with its inherent complexity (the
types, sizes, traits and functions of soil organisms), not only provides
disease control but also influences the quantity and quality of the food
we eat, the air we breathe and the water we drink*. The long-term pro-
vision of these benefits is dependent on careful and sustainable use of
soils as a resource. Yet, soil biodiversity is often unintentionally affected
by human-induced global changes. Land-use change, including urban-
ization, agriculture, deforestation and desertification, can have a ripple
effect on soils and soil biodiversity that extends far beyond the original site
of disturbance™®. For example, the increase in soil erosion by water and
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wind contributes to the formation of dust storms and the dispersal of soil
organisms and pathogens, with effects on soil biodiversity and ultimately
on human, plant and animal health”-19,

Research efforts are rapidly producing information about soil
biodiversity and its functions, which can be combined with land
managers knowledge, to inform the development of sustainable soil-
management practices!!"13, The resulting global preservation and
restoration of soils would provide an additional path towards decreasing
disease in and providing medicine for humans, plants and animals.

Here, we focus on the impacts of the use and mismanagement of
land on human health due to (1) changes in the prevalence of antago-
nists for soil-borne pests and pathogens that cause diseases in humans,
plants and animals, and (2) changes in soil biodiversity that affect the
maintenance of health (Fig. 1). We use the integrated concept of human
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Figure 1 | Flow diagram illustrating the link between soil biodiversity
and human health. Soil biodiversity is often negatively affected by the
interaction between poor land management practices and drivers of
climate change, both of which ultimately compromise ecosystem function

and services that are essential for human health (control of pests and
pathogens, production of nutritious food, cleansing water and reducing
air pollution). Responses to reduced human health can in turn affect
management decisions that govern land use and climate change.
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Table 1 | Soil pathogens and parasites of humans, animals and plants

Euedaphic pathogens

Soil-transmitted pathogens

Host organism Type of pathogen Species name Disease caused Species name Disease caused
Humans Bacteria Bacillus anthracis Anthrax Escherichia coli Diarrhoea
Listeria monocytogenes Listeriosis Salmonella spp. Salmonellosis, Typhoid fever,
Diarrhoea
Fungi Aspergillus spp. Aspergillosis
Coccidioides immitis Valley fever
Histoplasma capsulatum Histoplasmosis
Protozoa Naegleria fowleri Brain encephalitis Toxoplasma gondii Toxoplasmosis
Helminths (Nematoda) Ascaris lumbricoides Ascariasis
Ancylostoma duodenale Hookworm
Necator americanus Hookworm
Strongyloides stercoralis ~ Strongyloidiasis
Platyhelminthes Taenia saginata Beef tapeworm
Animals Bacteria Bacillus anthracis Anthrax
Helminths (Nematoda) Haemonchus contortus Haemonchosis
Plants Bacteria Agrobacterium tumefaciens Crown gall
Fungi Phytophthora infestans Potato blight
Helminths (Nematoda) Meloidogyne spp. Root knot
Bursaphelenchus xylophilus Pine wood

Following refs 19 and 89, pathogens are listed as euedaphic (true soil organisms) or as soil-transmitted (those temporarily living in soil and transmitted to a host).

health as defined by The World Health Organization and Convention
on Biological Diversity'%, which extends beyond disease and infirmity
and recognizes human connections to other species, ecosystems and the
ecological foundation of varied drivers and protectors of human health.
We specifically discuss how knowledge of the linkages between soil
biodiversity and human health can be strengthened for improved
management of land. Some aspects of land-use change in relation to soil
biodiversity and human health are covered elsewhere, including indus-
trial pollution, radioactivity, landfills, resource extraction, and mineral
toxicity; and are not included here!>16,

Soil biodiversity and soil-borne pathogens

Most soil organisms pose no risk to human health; rather, evidence is
accumulating that soil biodiversity can be of great benefit'”!%, Soil-borne
pathogens and parasites that cause human diseases represent a minority
of the species living in soils. There is a great opportunity to capitalize
on the positive effects of soil organisms on human health through their
roles (direct and indirect) in controlling soil-borne pathogens and pests
(listed in Table 1).

Many animal, plant and human disease-causing organisms or their
vectors live in soil, but their relationship to human diseases and the envi-
ronment is not fully elucidated!®!?-2, To address soil management and
public health we need an understanding of the organisms, their ecological
interactions, and why they become prevalent or persistent in soils*>*.
Some soil-borne pathogens, such as the bacterial genera Pseudomonas
and Enterobacter, are opportunistic species that can infect and cause dis-
eases in humans but whose main functions in the soil foodweb are as
antagonists against plant root pathogens, promoters of plant growth and
decomposers?®?%, Other soil-borne pathogens are obligate parasites that
require a host to complete their life cycle. Most of these organisms can
survive in soils for weeks to years, including as spores and eggs or inside
carcasses. Soil-borne pathogens causing human infectious disease can
be either true inhabitants of soils (euedaphic) or are transmitted via soils
(Table 1). Soil-transmitted pathogens are usually obligate pathogens and
reside temporarily in soil before being transmitted to humans by contact,
vectors or in faeces.

Soil and anthrax

Anthrax is a zoonotic disease infecting humans, wildlife and livestock
caused by the bacterium Bacillus anthracis. Known in the USA as an
agent of bioterrorism, B. anthracis is relatively common and found in
soils worldwide, including within the USA. Anthrax spores can remain
dormant in soils for decades, but with heavy rains they are brought to the
soil surface and attach to roots and grasses, which are grazed by animals.
There have been outbreaks in eastern Colorado and Texas, occasionally
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resulting in die-offs of grazing animals, usually cattle. In contrast to this
episodic occurrence, B. anthracis in Namibia and east Africa occurs
annually in zebras and other grazing animals. In recent field experiments
in Namibia, carcasses of animals infected with B. anthracis were shown
to promote grass growth, which thus made the site more attractive for
grazing wildlife?>. This mechanism provides B. anthracis with a wildlife
host and continues the cycle of the infectious disease.

Hence, one of the more effective strategies to reduce anthrax preva-
lence is burning of the vegetation, especially at sites of carcass deposition.
However, maintaining soil cover is also important to reduce dust forma-
tion by wind erosion because human infections of anthrax typically result
from inhalation of airborne spores or via vectors.

In general, soils favourable for anthrax are calcium-rich with neutral
to alkaline pH (that is, Chernozem soils)?. Studies on soils and anthrax
disease ecology in the Kruger National Park in South Africa found that
when soil calcium was >150 milliequivalents per gram and pH >7, the
anthrax death rate for ungulates was seven times higher than in other
nearby soils?.

Soil and helminths

The nematode Strongyloides, a soil-transmitted helminth and a parasite
of humans and animals (Table 1), has a unique life cycle that alternates
between free-living in soil and parasitic. The larvae are passed into soil
in faeces and moult either (1) to become larvae that can infect humans or
(2) to develop into adults that produce eggs and become a new free-living
generation in soil. The free-living form feeds on bacteria as part of the
soil foodweb, but its role in decomposition and nutrient cycling is not
well understood. When infective larvae in soil come into contact with a
suitable host, they penetrate the skin and eventually migrate to the intes-
tine, where they reproduce. Strongyloides stercoralis infections occur in
10% to 40% of the human population in many tropical and subtropical
countries?, as a result of poor sanitation practices. In a study in rural
Cambodia, about 45% of the people tested were infected, and a higher
risk of infection was associated with lower organic carbon content of soils
and land-use conversion from forest to cropland®.

This strongly suggests that increasing the soil organic carbon levels
in our croplands could be effective in reducing the prevalence of
disease-causing helminths. Also included in the category of soil-
transmitted helminths are hookworms and roundworms (Table 1),
which infect many people globally. For example, in 2003, China and
sub-Saharan Africa each had an estimated 200 million hookworm infec-
tions?. The contributions of hookworms and roundworms to the soil food-
web and their relationship to soil properties, however, are not well known.

To understand and predict the incidence of soil-borne pathogens and
parasites in the future, much can be gained by integrative studies on their
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BOX |
Human influence on soil foodwebs

Soil foodwebs are naturally complex entities that enhance
ecosystem functions such as biogeochemical cycling and the
suppression of pests and pathogens for plants, animals and humans.
Global changes, however, can have detrimental impacts on soil
foodweb complexity by reducing belowground biodiversity and
affecting biotic interactions. Substantial advances have been made
in understanding these impacts on ecosystem functioning over the
past few decades!3%5. Furthermore, recent studies suggest that

soil foodweb complexity is essential to maintaining high rates of
ecosystem function*5466586 Thus, activities that cause belowground
biodiversity losses (such as loss of taxa and trophic levels) contribute
to a reduction in foodweb complexity and, thereby, the capacity of
soils to perform ecosystem functions. See Box 1 Figure, in which

‘Complex’ foodweb

taxa are shown as coloured circles, trophic levels are shown as
boxes, solid lines represent food sources and dashed lines indicate
omnivory. The ‘simple’ foodweb on the right has been adversely
affected by human-induced changes. Although these functions

may not be lost completely, even reduced levels of functioning

can influence human health directly (by reduced suppression of
soil-borne diseases) or indirectly (by reduced provision of food,
clean water and air). In some cases, these functions can be replaced
through human interventions such as increased fertilizer and
pesticide inputs, but promoting ecosystem functioning by managing
soil biodiversity is likely to be more cost-effective and will ensure
long-term sustainability.
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Box 1 Figure | Key features in the reduction of species in soil food webs due to human influence and the adverse effect on ecosystem functioning.
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life cycles in soils, their role in soil foodwebs, and how they are affected
by environmental variables. The resulting knowledge can be used to
establish viable management options to reduce the impacts of soil-borne
pathogens and parasites. Integrating this new soil-based knowledge with
the experience of public health researchers would provide an enormous
opportunity for new soil-based approaches and policies to control current
and emerging infectious diseases.

Soil and allergies

Several studies have shown that exposure to soil microorganisms lessens
the prevalence of allergic diseases?***-%3, In particular, there is evidence
that our immune system needs to be exposed to possible pathogens resid-
ing in soils in order to develop tolerance*. For example, it was found that
individuals living in more urban environments have a lower diversity
of bacteria on their skin and lower immunity expression®*%, It is pre-
dicted!** that nearly two-thirds of the global human population will be
living in urban areas by 2050 (refs 14, 33), resulting in less stimulation
of our immune systems by soil organisms, and leading to more allergic
diseases. Management of urban areas could easily consider access to natural
areas and small livestock (chickens, ducks, rabbits and goats) as a way of
exposing the urban population to soil organisms.

Soil, antibiotics and antihelminth resistance

As soils are altered through global change and associated losses in bio-
diversity above- and belowground, there is concern that we are losing
a possible source of antibiotics and medicines, as well as the biological

controls needed to prevent human, animal and plant disease. Antibiotic
resistance to microbial-derived medicines has increased rapidly, threat-
ening the prevention and treatment of diseases caused by bacteria, fungi
and parasites'”. The development of new antibiotics using soil has been
very slow, because about 99% of bacteria have yet to be cultured. However,
a new technique recently identified an antibiotic from an uncultured soil
bacterium that can kill Mycobacterium tuberculosis, the causal agent of
tuberculosis!”. This is very promising: other as-yet-uncultured species
may also reveal novel antibiotics. Helminth parasitic worm infections in
humans, cattle and other domestic animals are often treated with anti-
parasitic, antihelminthic drugs, which are showing increasing resistance.
Fortunately, land-management practices, including rotating pastures
with more-resistant animals, breaking up or removing manure piles in
pastures, or managing for higher grass growth so that animals do not
graze on the parasites found in soils, are useful options for reducing the
risk of parasite infection®®7.

Soil and biological control

Human health is influenced indirectly by our choice of agricultural
management practices owing to changes in the nutritional value of the
plants and animals we eat, and the quantity of food produced. Plants
are subject to many diseases caused by bacteria, fungi, viruses and
parasites, which affect plant growth, nutrient levels and the quality of
our food. In agriculture, biocontrol of a soil-borne pest for plants is a
management option that is based on the identification and ecology of
a naturally occurring soil predator or parasite that reduces the pest or
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Figure 2 | A conceptual framework illustrating
how decisions on land use and management
are linked to human health through the effect
on soil biodiversity. Soil biodiversity is strongly
influenced by external drivers such as climate
change and nitrogen deposition but also by land-
use management. Land use such as agricultural
intensification (left) can reduce the diversity and
densities of beneficial organisms that control pests
and pathogens, thereby negatively affecting the
health of plants, animals and humans. Adopting
less-intensive management practices (right) that
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plant pathogen population and thereby enhances food quantity and
nutrient content.

For example, the root weevil Diaprepes abbreviatus causes substan-
tial damage to citrus plants. The damage is naturally controlled in some
Florida soil habitats by species of indigenous soil entomopathogenic
nematodes (EPN) that parasitize and kill the root weevil. A nematode
species not native to Florida, Steinernema riobrave, is commercially avail-
able to control the root weevil in habitats where indigenous EPNs are less
dominant, rather than using less effective, more costly chemical controls
that move into groundwater and are harmful to human health®®3°. In
addition to augmenting soils with EPNs, managing soil in ways that pro-
mote native EPN prevalence and diversity are used. For example, main-
taining good soil drainage, low pH, and adding sand to soils that are
low in EPNs before planting young trees are practices used to conserve
native EPN species in citrus groves. There are many other examples of
biocontrol delivered through a healthy soil foodweb, such as the use of the
bacterium Pasteuria penetrans, a pathogen of plant parasitic nematodes,
and Arthrobotrys anchonia, a nematode-trapping fungus that kills plant
parasitic nematodes***,

As recent evidence suggests, it is not only single organisms that should
be considered as valuable for controlling soil-borne pests and pathogens
of humans, animals or plants. The immense diversity and abundance
of organisms found belowground in concert contribute to the control
of pests and pathogens (Box 1)*~%¢. Hence, control of soil-borne path-
ogens should not focus solely on specific beneficial soil predators or
parasites, but rather on how a general increase in the complexity of soil
biodiversity can reduce plant, animal and human diseases caused by
soil-borne pathogens: the disease is suppressed as a result of the whole
soil foodweb*48,

Although the direct link between biodiversity and disease suppression
has not been well established in soil owing to the complex interactions
that occur belowground, there is growing evidence for the aboveground
world: disease risk in wildlife plants and humans rises with biodiversity
loss**~33. For example, Johnson et al.>® recently showed in wetland
ecosystems that amphibian species richness moderated pathogen transfer
and thereby limited disease prevalence in the animals. Soil biodiver-
sity may similarly moderate the impacts of pests and pathogens both
above- and belowground. One recent study® showed how increased
microbial diversity reduced the success of a bacterial pathogen in vitro.
Furthermore, temporary inhabitants of soil can also have positive
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functions in ecosystems and thereby indirectly benefit human health;
for example, some bumblebees well known for their benefits as plant pol-
linators live temporarily in soils. Burrowing vertebrates such as voles and
prairie dogs can also indirectly benefit plant, animal and human health
by mixing and enriching organic matter and nutrients in soils*>. These
examples emphasize that many soil organisms contribute indirectly to
soil functions that can ultimately benefit human health.

Maintaining soil biodiversity for health

To maintain soil biodiversity, it is essential to take into account the
spatial distribution of belowground organisms. In recent years, the
available information on biogeography of soil biodiversity has accelerated.
Global distributions of soil taxa from microbes to larger animals shows
that few species occur in all soils; instead many species are rare and show
restricted distributions, often limited to particular soil types or geograph-
ical regions®”*%, For example, some enchytraeid species occur primarily in
rich Arctic peat soils, and many nematode and mite species are endemic
to the Antarctic continent®®. Likewise, a study of the soils of Central Park
in New York City found almost as many distinct microbial communities
and undescribed soil biodiversity (bacteria, archaea and eukarya) as occur
in other global biomes*. Soil biodiversity, like soils themselves, is highly
variable across fields and regions, highlighting the need to understand
how soil communities organized in complex soil foodwebs differ spatially
across a region and globally®”-58:60:61,

In the next sections, we outline how soil biodiversity influences the
production of food, fibre and biomass, and the provision of clean water
and air, and illustrate how improved management of soil biodiversity can
reverse to some degree the negative impact of humans on the depletion
of global resources (Fig. 2).

Food, fibre and biomass production

With the exception of hydroponic horticulture, all terrestrial crop produc-
tion is soil-based?!. Given that crops support most of the human popula-
tion, sustainable use of our soils is essential for long-term human health.
In agricultural systems, soil-borne pathogens can disrupt the metabolic
flow of nutrients within plants, reduce plant above- and belowground
biomass, including fruits and other edible plant parts, or even kill the
plant entirely, all leading to the production of less nutritious food. In
humid and cooler climates, earthworms have been shown to increase
crop productivity®?, whereas termites can increase yields in warmer and
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drier climates®. Bender and van der Heijden® showed that enriched soil
life increased nutrient-use efficiency, plant nutrient uptake and thereby
crop yields. Moreover, enhancing the soil foodweb structure influences
the resistance and resilience of other terrestrial ecosystems®>, and this
knowledge can be used to promote sustainable use of our soils*>’.

Soil symbionts have a particularly important role in sustainable pro-
duction. Symbiotic soil microbes are essential for nutrient supply®® and
can contribute to biofortification of plants for important micronutrients
such as zinc®. Plant breeding and micronutrient fertilization are prom-
ising ways to address micronutrient deficiencies, but the bioavailability
of the micronutrients is ultimately determined by soil microbial cycling
of these micronutrients'®. There is also evidence that fungi, in particular
endophytes, promote plant stress tolerance”.

It is evident from the above that soil biodiversity can play a crucial
part in providing a more stable supply of food and a higher nutritional
value of the food produced. However, the intensification of agricultural
practices in the last century has ignored this role of soil biodiversity. The
cornerstones of agricultural intensification—ploughing, and the appli-
cation of agrochemicals and fertilizer—have been linked to a reduction
of soil biodiversity>S. We stress that these are beneficial practices that
should not be abolished, but instead should be used at the right time,
rate and place.

Air quality

Land-use change has been tied to the frequency of dust storms,
emissions of greenhouse gases, and the release of volatile organic com-
pounds and biota in air’. Soil bacteria, fungi and some invertebrates, such
as nematodes and mites, are transported several hundreds to thousands
of kilometres by wind”*72, The misuse of land—such as overly intensive
ploughing, leaving extended areas bare and fallow, and burning plant bio-
mass from fields—increases dust and the formation of particulate matter
of less than 10 pm in size (PM10), with major consequences for human
health in the form of respiratory problems, lung tissue damage, and even
lung cancer”!%. Because soils are frequently polluted with heavy metals,
harbour antibiotic-resistant organisms from animal feedlots, and contain
pathogens for plants, animals and humans, the resulting dust can cause
negative effects on human health”>7%,

An example is valley fever in the southwestern region of the USA;
outbreaks are caused by a soil fungus, Coccidioides immitis, that
normally decays organic matter and helps to stabilize the soil surface, thus
minimizing soil erosion. However, when the soil is disturbed, such as by
agricultural practices, the fungus produces windblown spores that can
cause lung disease in animals and humans and at worst result in death”>7S,
In 2004, there were 6,000 cases of valley fever in the USA”*. Surveillance
of dust storms with land-atmosphere modelling and remote sensing of
dust storms is under way to enhance the epidemiology and decrease the
number of cases of valley fever”*,

Here again the link between agricultural intensification, soil biodiver-
sity, and human health is clear; intensive agriculture disturbs the soil and
negatively affects soil organisms, such as arbuscular mycorrhizae, sapro-
trophic fungi, and earthworms, that play a key part in stabilizing soil and
thereby reduce the potential of dust formation’””%, Management options
such as reduced tillage have been shown to reduce PM10 formation”® and
thus limit the risk of lung disease, cardiac arrhythmia, heart attacks and
premature death”. Other ways to reduce dust and conserve soil stabil-
ity and biodiversity include agroecological management practices, such
as planting windbreaks, adding manure, incorporating cover crops and
retaining crop residues®.

Water quality

The provision of clean drinking water is increasingly compromised by
pollution (such as from mining, landfills and agrochemicals)®! and poor
sanitation (contaminating drinking water with faecal-associated organ-
isms)!®82. Moreover, land-use changes, especially those accompanying
urbanization, affect the relationship between runoff versus infiltration of
water with potential impacts on local surface water bodies, groundwater
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BOX 2
The UN Sustainable Development
Goals

The successful implementation of the UN Sustainable
Development Goals® in September 2015 that are aimed at
ending poverty and improving the lives of the poor, are tightly
connected to maintaining the biodiversity of soils. Yet only four

of the seventeen targets specifically mention soil: Goal 2 (to end
hunger, achieve food security and improved nutrition, and promote
sustainable agriculture (Target 2.4), Goal 3 (to ensure healthy lives
and promote well-being for all at all ages (Target 3.9), Goal 12 (to
ensure sustainable consumption and production patterns (Target
12.4), and Goal 15 (to protect, restore and promote sustainable
use of terrestrial ecosystems, sustainably manage forests, combat
desertification and halt and reverse land degradation, and halt
biodiversity loss (Target 15.3).

For example, Goal 3 (Target 3.9) focuses on substantially
reducing hazardous chemicals and air, water and soil pollution.
However, the connection between managing land for enhanced soil
biodiversity and meeting Sustainable Development Goals such as
ending epidemics of tropical and other communicable diseases
(Goal 3, Target 3.3) or sustainable management of water and
sanitation (Goal 6) is not recognized or incorporated.

To achieve the Sustainable Development Goals we stress that
it is not enough to aim towards improvement of a single benefit
related to ‘food’ or ‘air’ or ‘water’ or ‘disease’ control, because all are
simultaneously dependent on soils and soil biodiversity. We propose
a multiple-benefit focus for sustaining soils, biodiversity and global
health that addresses many of the Sustainable Development
Goals—such as Goals 1,2, 3,6,8,11 13, 14 and 15—through the
following means:

» Include soil biodiversity and human, plant and animal health
experts in integrated collaborative research, management and
policy efforts to sustainably manage soils, food, water and air
for improving human health

» Develop a global database of soil biodiversity to facilitate
integrated and predictive use by scientists and health experts

» Establish a global archive of samples for the future benefits of
health researchers that captures the interactions of total soil
biodiversity (bacteria, archaea, eukaryotes)

+ Utilize existing, new and local knowledge on successful
management of lands to promote new options for long-
term maintenance and conservation of soil biodiversity and
improving human health

+ Include soil biodiversity as a criterion for determining
wilderness and protected areas

« Focus research on conservation of soil biodiversity as a
management tool to improve human health in the long-term

» Coordinate scientific societies and other global efforts to
educate and communicate results to land and water managers,
public and policy makers, such as through the Global Soil
Biodiversity Initiative (https://globalsoilbiodiversity.org), global
conventions and scientific societies

» Broaden the disciplines of human health and soil biodiversity
linkages to include the combined expertise needed to address
the multifaceted climate and global environmental changes
and to meet the Sustainable Development Goals

levels, areas downstream of point source pollution and the recharge of
aquifers.

Soil biodiversity acts to enhance the structure of soils and thereby infil-
tration and percolation of water through the soil profile to (1) improve
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water-use efficiency by crops, (2) limit the amount of agricultural runoff
and associated contamination into adjacent land areas, and (3) filter out
pathogens and contaminants by size exclusion, die-off and adsorption.
Soil organisms can also degrade harmful pollutants and reduce the impact
of poor sanitation®**%. For example, Enterobacter cloacae, an enteric bac-
terium found in soils and water, is an effective means of bioremediating
selenium-contaminated agricultural drainage water®2. Selenium, an essen-
tial micronutrient for humans, occurs in groundwater and can accumulate
in irrigated river basins and evaporative ponds. Implementing additional
measures such as reduced irrigation, sealing earthen irrigation canals,
and rotational land fallowing can further enhance the management of

excess selenium®.

Outlook

It is clear that soil biodiversity represents an underutilized resource for
sustaining or improving human health through better soil management.
As indicated above, some agroecological management options are known
to maintain and increase soil biodiversity for human, animal and plant
health. However, further development of viable practices and especially
the promotion of their use as broadly as possible is urgently needed.

How to best manage the world’s lands for improved human health?
Some basic guidelines for management of soil biodiversity are offered
here. We suggest that a new approach for land use and management is
required that acknowledges that soil biota act in concert to provide mul-
tiple benefits, even if these benefits are not easily observed. Moreover,
increased soil foodweb complexity promotes resistance and resilience to
perturbation and may buffer the impacts of extreme events.

Agroecological practices that enhance soil organic matter content
and soil biodiversity can promote nutrient supply, water infiltration and
well-structured soil. Effective management options for cropping systems
include reduced tillage with residue retention and rotation, cover crop
inclusion, integrated pest management, and integrated soil fertility man-
agement (such as the combination of chemical and organic fertilizer).
Expanding plant species diversity in crop and/or land rotations and add-
ing organic amendments to pastures can increase soil biodiversity and
mimic better the natural soil foodweb®>¢¢8¢, Additionally, maintenance
of soil biodiversity at the landscape level can be enhanced through buffer
strips and riparian zones and land rotations. Drainage water manage-
ment can reduce the movement of pollutants, agrochemicals and other
contaminants to nearby landscapes'®. Likewise, several forestry practices
exist that promote soil biodiversity: re-established mixed deciduous forest
stands in Europe were shown to have higher soil biodiversity than pure
coniferous stands®.

Management for conservation of land should include soil biodiver-
sity as an important criterion in determining protected and wilderness
areas, particularly in rapidly changing ecosystems, such as tropical
forests, permafrost soils and alpine grasslands. Conservation of soil
biodiversity should, in general terms, be based on existing knowledge
of soil properties, the abundance, sizes and types of soil organisms,
and vegetation. Nevertheless, conserving soil biodiversity could also
be done through laboratory isolation of individual organisms or whole
communities to maintain a reservoir of genetic and functional diversity
appropriate for future disease prevention, biological technologies, and
pharmaceuticals®®,

Soil archives that conserve live collections of interacting species of
soil microbes and invertebrates in soil samples from different biomes are
irreplaceable and essential; yet at present there are few such archives®.
Given the growing global demands placed on limited productive land
and the projected increases in infectious diseases, there is an urgent need
to implement these and other conservation measures as a stockpile for
the future.

Ideally, the practices and conservation strategies outlined above
that enhance soil biodiversity for the maintenance of human health
should be incorporated directly into land-, air- and water-use policies
at global and regional levels and integrated with public health organi-
zations such as the United Nations (UN) World Health Organization.
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Global conventions such as the UN Framework Convention on Climate
Change, the UN Convention on Biological Diversity (CBD) and the
UN Convention to Combat Desertification are all central to soils and
global land use but often neglect soil biodiversity and our dependence
on soil for human health, with the exception of the CBD'* through the
Food and Agricultural Organization (FAO). Through the Global Soil
Partnership, the UN FAO brings together global institutions and other
interested parties to coordinate agreements and international challenges
related to soil sustainability. The Global Soil Partnership is advised on
global soil issues by a scientific Intergovernmental Technical Panel on
Soils. Likewise, progress towards the UN Sustainable Development
Goals can be achieved by incorporating knowledge of soil biodiversity
into a broader spectrum of benefits that improve human health (see
Box 2; ref. 89). Importantly, the Global Soil Biodiversity Initiative was
established as an independent scientific effort to provide information
on soil biodiversity to policymakers and is preparing to publish the
first Global Soil Biodiversity Atlas in collaboration with the European
Union Joint Research Centre. The Global Soil Biodiversity Initiative
(https://globalsoilbiodiversity.org) is also working to have soil bio-
diversity considered in current international initiatives such as the
Intergovernmental Platform on Biodiversity and Ecosystem Services and
Future Earth.

Fortunately, there is increased recognition that developing effective
management tools for soil biodiversity requires active information
transfer between scientists and policymakers with new policies formed
on current evidence-based knowledge and local cultural knowledge®*.
However, we need to identify implementation mechanisms to encour-
age easier updates on best management practices and related policies to
ensure long-term sustainable use of global lands under a changing global
environment. This is particularly crucial given the rapid accumulation of
new insights on how soil biodiversity can be managed to promote human
health.

We are losing soils and soil biodiversity at a rapid pace, with substantial
negative ramifications on human health worldwide. It is time to recognize
and manage soil biodiversity as an underutilized resource for achieving
long-term sustainability goals related to global human health, not only for
improving soils, food security, disease control, water and air quality, but
because biodiversity in soils is connected to all life and provides a broader,
fundamental ecological foundation for working with other disciplines to
improve human health.
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