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B I O D I V E R S I T Y  

Tracking, targeting, and  
conserving soil biodiversity  
A monitoring and indicator system to inform policy  
By Carlos A. Guerra, Richard D. Bardgett, Lucrezia Caon, Thomas W. Crowther, Manuel Delgado-Baquerizo, Luca Montanarella, Laetitia M. Navarro, Alberto 

Orgiazzi, Brajesh K. Singh, Leho Tedersoo, Ronald Vargas-Rojas, Maria J. I. Briones, François Buscot, Erin K. Cameron, Simone Cesarz, Antonis Chatzinotas, 

Don A. Cowan, Ika Djukic, Johan van den Hoogen, Anika Lehmann, Fernando T. Maestre, César Marín, Thomas Reitz, Matthias C. Rillig, Linnea C. Smith, 

Franciska T. de Vries, Alexandra Weigelt, Nico Eisenhauer, Diana H. Wall 

Nature conservation literature and policy in-
struments mainly focus on the impacts of hu-
man development and the benefits of nature 
conservation for oceans and aboveground ter-
restrial organisms (e.g., birds and plants) and 
processes (e.g., food production). But these ef-
forts almost completely ignore the majority of 
terrestrial biodiversity that is unseen and living 
in the soil (1). Little is known about the conser-
vation status of most soil organisms and the ef-
fects of nature conservation policies on soil sys-
tems. Yet like “canaries in the coal mine,” when 
soil organisms begin to disappear, ecosystems 
will soon start to underperform, potentially 
hindering their vital functions for global pro-
cesses and humankind. Soil biodiversity and its 
ecosystem functions thus require explicit con-
sideration when establishing nature protection 
priorities and policies and when designing new 
conservation areas. To inform such efforts, we 
lay out a global soil biodiversity and ecosystem 
function monitoring framework to be consid-
ered in the context of the post-2020 discus-
sions of the Convention on Biological Diversity 
(CBD). To support this framework, we suggest a 
suite of soil ecological indicators based on es-
sential biodiversity variables (EBVs) (2) (see the 
figure and table S3) that directly link to current 
global targets such as the ones established un-
der the CBD, the Sustainable Development 
Goals (SDGs), and the Paris Agreement (table 
S1).  

Soils not only are a main repository of ter-
restrial biodiversity, harboring roughly one-
quarter of all species on Earth, but also provide 
a wide variety of functions (e.g., nutrient cy-
cling, waste decomposition) and benefits (e.g., 
climate regulation, pathogen resistance); they 
regulate the diversity and functioning of above-
ground systems, including their contributions 
to human well-being (3). If we do not protect 
soils for the next generations, future above-
ground biodiversity and food production can-
not be guaranteed. Nonetheless, recent calls to 
expand nature protection (4), as well as many 
other initiatives aimed to shape future 

environmental policies (5), do not consider the 
specific requirements of soil biodiversity and 
associated ecosystem functions (6, 7).  

Discussions and data concerning soils and 
their sustainability have long focused on either 
their vulnerability to physical impacts (e.g., soil 
erosion) or improvements to their food pro-
duction potential (e.g., through fertilization). 
These narrow perspectives, often missing tan-
gible indicators and disconnected from envi-
ronmental monitoring, limit a wider discussion 
on the ecological importance of soil biodiver-
sity and its role in maintaining ecosystem func-
tioning beyond food production systems. The 
prevailing emphasis has also prevented soils 
from becoming a more mainstream nature 
conservation priority. Although initiatives to 
provide a more holistic representation of soils 
as ecosystem services providers exist [e.g., (8)], 
standardized and timely information to track 
policy targets related to soils is missing, partic-
ularly at global scales. These information gaps 
have precluded the delivery of a robust scien-
tific message supporting the importance of soil 
biodiversity, and have delayed the inclusion of 
soil biodiversity in nature conservation de-
bates. 

Unlike for physical and chemical soil prop-
erties, the high-resolution and molecular tools 
needed to investigate soil biodiversity and 
function have only recently been developed, 
and harmonized static datasets are just starting 
to emerge (7). Because of this, and the fact that 
soil biodiversity monitoring is not prioritized at 
a national level, there is a lack of knowledge on 
soil biodiversity compared with plants and 
aboveground animals. In fact, most of the 196 
Parties of the CBD do not have national targets 
(for 2011–2020) that explicitly consider soils, 
with very few specifically considering soil con-
servation and biodiversity. 
 
CHALLENGES AND OPPORTUNITIES 

Soil organisms, including nematodes, col-
lembola, fungi, and bacteria, are responsible 
for a cascade of intricate soil functions (3) that 
underpin essential ecosystem services (e.g., cli-
mate regulation, soil fertility). As such, they re-
quire specific protection measures that go 

beyond protecting aboveground systems or re-
ducing the application of surplus fertilizers and 
fungicides. Positive measures include the iden-
tification of soil biodiversity hotspots, ende-
misms, and priority habitats; the assessment of 
relevant drivers of soil biodiversity change; and 
the development of dedicated nature conser-
vation policies. Additionally, most manage-
ment decisions in conservation areas are not 
soil-specific or, when they exist, are focused on 
soil physical properties (e.g., reducing soil ero-
sion) with no specific soil biodiversity conserva-
tion targets. Without such measures, nature 
conservation has limited effects on the protec-
tion of soil organisms and their functions. For 
example, although expansion of protected ar-
eas has demonstrated benefits for protecting 
birds and mammals, there is little to no benefit 
to belowground diversity (1). To prioritize soils 
for nature conservation worldwide, policymak-
ers require up-to-date data as well as transpar-
ent, reliable, and unbiased policy-ready indica-
tors that are critical to providing a measure of 
success or failure of policy agendas (4, 5). Re-
cent efforts to describe the macroecological 
drivers and patterns of soil biodiversity (9), the 
general lack of comparable temporal data (7), 
the limitations to the development of coordi-
nated large-scale monitoring efforts (2, 7), and 
the enormous number of undescribed soil-
dwelling species have all impeded the produc-
tion of reliable assessments of soil biodiversity 
change (9). As a consequence, to date, most 
policies are informed by sparse information on 
soil chemistry (e.g., soil carbon) or on impacts 
to soils (e.g., soil erosion), and until recently we 
did not have the right instruments to inform 
policymakers on soil ecological changes and im-
pacts. With recent advancements in DNA tech-
nology, methods to integrate diversity and 
functional data, and international agreements 
for soil research (e.g., the recently endorsed 
resolution by the Food and Agriculture Organi-
zation (FAO) 27th Session of the Committee on 
Agriculture on the international exchange of 
soil samples for research purposes), we now 
have the resources, initiative, and technology 
to support the large-scale generation of this soil 
ecological knowledge. 
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Excluding soil biodiversity and associated 
ecosystem functions from nature conservation 
targets means that policies may fail to repre-
sent them, and may render soil biodiversity 
and critical ecosystem functions more vulnera-
ble to global change. The fact that below- and 
aboveground diversity do not necessarily fol-
low similar ecological patterns (6) suggests that 
even when the focus is on restoring wild areas 
or increasing carbon sequestration (10)—both 
seen as positive outcomes of nature conserva-
tion—such practices might not have the same 
positive effects on soil organisms and their as-
sociated functions (1). Moreover, although 
constrained by current knowledge and logistic 
limitations (7), available studies already show 
the scale at which climate and land-use 
change, pollution, and other types of threats 
directly affect soil systems (11), pointing to the 
urgent need for policies to be based on a more 
comprehensive view of these terrestrial eco-
systems (7, 9). 
 
WORLDWIDE MONITORING 
To fully comprehend the role of terrestrial bio-
diversity in the context of climate change, sus-
tainable development, and nature conserva-
tion, we must invest in understanding what lies 
belowground. This requires a holistic system 
approach (see the figure) that includes the def-
inition of a wide variety of soil-related EBVs, as 
well as standardized international monitoring 
systems (12) to track the state and dynamics of 
global soil biodiversity and ecosystem function-
ing over time. These EBVs encompass four 
complementary dimensions of soil systems 
(soil physics, soil chemistry, soil biodiversity, 
and soil ecosystem functions) and relate to 
specific ecological indicators (see the figure, in-
ner ring, and table S3). This effort will be facili-
tated by existing mechanisms designed to 
mainstream the use of data and derived indica-
tors to inform decision-making and policymak-
ing, such as the Biodiversity Indicator Partner-
ship and the U.N. System of Environmental 
Economic Accounting.  

To this end, the global soil research com-
munity has started to organize itself to respond 
to the challenge. Efforts such as the Interna-
tional Initiative for the Conservation and Sus-
tainable Use of Soil Biodiversity, the Global Soil 
Biodiversity Initiative, the Global Soil Partner-
ship (GSP) of the FAO, and the Status of the 
World’s Soil Resources Report reflect how the 
international community has started to pay 
greater attention to the loss of biodiversity in 
agricultural soils. Indicators related to soil 
health have also emerged, although these 
mostly rely only on physical and chemical pa-
rameters without any functional or biodiversity 
aspect explicitly included (REF). The recent 

Global Soil Biodiversity Assessment for the CBD 
and the updated plan of action for the Interna-
tional Initiative for the Conservation and Sus-
tainable Use of Soil Biodiversity are two other 
recent steps to elevate the policy status of soil 
biodiversity and increase soil literacy. However, 
all these initiatives rely on static fragmented 
soil biodiversity data without any temporal res-
olution or coordination. We therefore must 
move beyond snapshots of soil biodiversity 
data and relay concrete input for temporally 
and spatially explicit soil biodiversity and eco-
system function indicators. As an example, in 
the context of the post-2020 discussions of the 
CBD, there is a focus on the protection of criti-
cal ecosystems. By assessing the state and 
trends of soil conservation value (see the figure 
and table S3), inherently including soil biodiver-
sity information, we would be able to directly 
determine the extent to which countries are in 
line with this target. More important, we can 
support the identification of critical ecosystems 
that include soil communities. 

In response to this need, we established the 
first Global Soil Biodiversity Observation Net-
work (Soil BON; https://geobon.org/bons/the-
matic-bon/soil-bon) under the umbrella of the 
Group on Earth Observations Biodiversity Ob-
servation Network (GEO BON) to systematically 
collect and sample observational data world-
wide on the condition of soil biodiversity and 
functions. With the aim of including research-
ers working on all continents, we have pro-
posed a plan to overcome legal limitations (e.g., 
centralizing requirements to comply with the 
Nagoya Protocol) and operational limitations 
(e.g., by providing funds to support researchers 
across the world) (7) to produce the first glob-
ally standardized time series on the condition 
of soil biodiversity and ecosystem functions 
(see the figure). Using lessons learned from and 
integrating methods used in other initiatives 
[e.g., (2, 12, 13)] and co-funded by multiple in-
stitutions around the world, this program will 
implement standard protocols across the en-
tire monitoring infrastructure (see table S2) to 
systematically assess both soil biodiversity and 
soil ecosystem functions in both protected and 
nonprotected areas (6).  

Although a global network will not have the 
resolution to distinguish among specific man-
agement practices, it can call attention to good 
examples of nature conservation focusing on 
soils and can be used as a global reference for 
comparison across regions and countries, 
thereby contributing to more effective soil con-
servation policies (see the figure and table S1). 
By identifying connections between soil ecolog-
ical indicators and various reporting needs re-
lated to policy targets (see table S1), we pro-
vide a roadmap for researchers and 

policymakers (see the figure and tables S1 and 
S2) on the priorities for data collection and on 
how to integrate such information into policy 
design. 

Effective soil monitoring is needed to in-
crease our capacity to mitigate ongoing global 
environmental changes (11) and inform policy 
sectors as different as nature conservation 
(e.g., SDG Target 15.1), land degradation (SDG 
Target 15.3), climate mitigation and adaptation 
(e.g., Paris agreement 2015), forestry (e.g., 
United Nations Decade on Ecosystem Restora-
tion), and food security (e.g., SDG Target 2 and 
European Union Common Agricultural Policy) 
(table S1). Such a global initiative will not be 
possible without a wide network of local part-
ners that cover different ecosystems and envi-
ronmental conditions. This includes providing 
support to colleagues working in developing 
countries and establishing a centralized global 
analysis network across different volunteering 
institutions that allows for a high level of stand-
ardization and analytical power, and that can 
be extended to potential new partners or initi-
atives following the same standards [e.g., with 
regional or thematic focus (13), or focusing on 
data harmonization and synthesis]. In addition 
to increasing the quantity and quality of availa-
ble soil ecological data worldwide, locally pro-
duced data and information will also become 
comparable between countries and projects 
thanks to the emerging collaboration with the 
Global Soil Laboratory Network of the GSP.  

This program must include a strong com-
mitment to capacity-building and knowledge-
sharing mechanisms (Post-2020 CDB Goal D), 
as well as an open world archive of soil biodi-
versity resources. It provides a multi-tiered ap-
proach (globally coordinated sampling and har-
monization using reference laboratories, cross-
laboratory standardization and protocols, data 
aggregation using a clear set of EBVs and policy-
relevant indicators, cross-initiative and cross-
time validation and reporting) on which other 
networks, countries, and regions can build to 
create a comparable global patchwork of soil 
biodiversity and functional assessments. The 
goal is to create a program that builds on avail-
able assessments [e.g., the Global Soil Biodiver-
sity Assessment (REF)] to deliver valuable infor-
mation on the state and trends of soil 
biodiversity and functions to support current 
policymaking and help reshape it to bring soils 
and their biodiversity to the center stage of 
global sustainability thinking. A first example is 
under way in Europe, where a partnership be-
tween SoilBON and several research institu-
tions aims to provide essential soil biodiversity 
and functional data to inform current and fu-
ture European policy (e.g., the European Biodi-
versity Strategy for 2030; see the figure).  
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We aim for a future where the conserva-
tion value of giant earthworms [e.g., Rhinodri-
lus alatus (Righi 1971)] or endemic fungi [e.g., 
Lactarius indigo (Schwein 1822)] is recognized 
and their ecology is properly protected by na-
ture conservation measures (e.g., establishing 
no-tillage areas, or promoting environmental 
compensation schemes that explicitly include 
soil-related measures such as deadwood man-
agement plans that favor soil invertebrates and 
fungi). Local soil biodiversity should be consid-
ered when designing conservation areas and 
highlighted when implementing appropriate 
management efforts. To do this, we propose a 
complementary set of ecological indicators 
that considers the multiple facets of soil ecol-
ogy (between biodiversity and key ecosystem 
functions) and provides a comprehensive over-
view of soil systems. These indicators were de-
veloped to address specific societal needs (e.g., 
soil health, nutrient cycling and fertility, or 
plant pathogens), but also to extend the use of 
soil ecological data to other policy realms [e.g., 
nature conservation (soil conservation value, 
soil biodiversity); climate action and land deg-
radation neutrality (ecological vulnerability of 
soils, soil carbon stocks)]. If considered across 
the policy spectrum (table S1), these indicators 
will provide baseline data and methodologies 
to map and assess the current state and tem-
poral trends of global soil biodiversity and func-
tions, and to identify the regions that are more 
vulnerable to abrupt ecosystem shifts in the 
context of future climate and land-use change. 

An international soil monitoring program 
based on EBVs and holistic indicators such as 
those presented here will provide the tools to 
assess how far we are from conservation tar-
gets in the next decades, acting as an early 
warning system of how current nature conser-
vation measures are succeeding or failing in the 
conservation of soil biodiversity and functions. 
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