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Abstract — Human pressure on ecosystems has undesirable impacts on human well-being. After the Millennium
Project, much interdisciplinary research has been developed worldwide aiming to understand these impacts on
ecosystem flows and processes, and to learn about the costs and the benefits of ecosystem services for production.
Soil provides many ecosystem services, since its multi-functionality is the basis for food production, water filtration,
nutrient cycling, and other goods essential to life. This article presents the main concepts and classifications of soil
ecosystem services and of its functions; the indicators and the methods for assessment, modeling, and valuation of
ecosystem services; some recent applications to assess and evaluate impacts of agricultural management practices
on soil ecosystem services; as well as challenges and opportunities for research and for development of public
policies related to agro-environmental sustainability in Brazil. Although the role of soil in supplying ecosystem
services is yet undervalued, scientists are gradually recognizing soil processes and functions as fundamental to
assess ecosystem services and the effects of land use and management on them. Interdisciplinary approaches to
integrate science and public policies are necessary to build governance based on ecosystem services.

Index terms: economic valuation, environmental services, soil function, soil indicators, soil management,
public policy, soil quality.

Panorama atual e potencial de aplicagcao da abordagem
dos servigos ecossistémicos do solo no Brasil

Resumo — A pressdo humana sobre os servigos ecossistémicos tem resultado em impactos indesejaveis sobre
0 bem-estar humano. Com o Projeto Millennium, varias pesquisas interdisciplinares t€ém sido desenvolvidas
em todo o mundo com o objetivo de entender esses impactos sobre os fluxos e os processos dos ecossistemas
e internalizar os custos e os beneficios dos servigos ecossist€émicos para a produgdo. O solo fornece muitos
servicos ecossistémicos, uma vez que sua multifuncionalidade ¢ a base para a producdo de alimentos, filtracao
de agua, ciclagem de nutrientes e outros bens essenciais a vida. Este artigo apresenta os principais conceitos e
classificagdes dos servigos ecossistémicos do solo e de suas fungdes; os indicadores e os métodos de avaliagdo,
modelagem ¢ valoragdo dos servigos ecossistémicos; algumas aplica¢des recentes para avaliar impactos de
praticas de manejo agricola sobre os servigos ecossistémicos do solo; bem como os desafios e as oportunidades
para a pesquisa e para o desenvolvimento de politicas publicas relacionadas a sustentabilidade agroambiental no
Brasil. Apesar de o papel do solo para prestagdo de servigos ecossistémicos ainda ser subestimado, os cientistas
tém gradualmente reconhecido os processos e as fungdes do solo como fundamentais para avaliar os servigos
ecossistémicos e os efeitos do uso e manejo da terra sobre eles. Abordagens interdisciplinares que integrem
ciéncia e politicas publicas sdo necessarias para construir uma governanga com base em servicos ecossistémicos.

Termos para indexagao: valoragdo econdmica, servigos ambientais, fungdo do solo, indicadores de solo, manejo
do solo, politica publica, qualidade do solo.
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Introduction

Over the past 50 years, humans have changed
ecosystems more rapidly and extensively than at any
other period of time in history (Millennium Ecosystem
Assessment, 2005). The conversion of forests into
agricultural lands has exerted strong pressure on aquatic
and terrestrial ecosystems. Unsuited management
practices and indiscriminate use of agrochemicals
have led to soil degradation, water pollution, reduction
of productivity rates and biodiversity losses, in
addition to impacts related to climate change, such
as greenhouse gas (GHG) emissions. These damages
have compromised their capacity to supply ecosystem
services (ES), defined as “the benefits supplied to
human societies by natural ecosystems” (Daily et al.,
1997).

A big challenge to recover ecosystems and
guarantee agriculture sustainability is to design and
adopt changes in current agricultural and forestry
production systems in order to make them provide a
variety of ecosystem services. To reach these goals,
research aimed at understanding ecosystem dynamics
and multifunctionality in a landscape context is
essential to assess impacts of changes in both natural
ecosystems and agricultural systems on human well-
being (Barkmann et al., 2004; Bradshaw & Sykes,
2014).

The application of ES research results in decision-
making can provide solutions for real problems
faced by society and ecosystems (Daily et al., 2009).
The ecosystem service approach has evolved from
concepts proposed in the late 1960s and throughout
1970s, which highlighted the societal value of nature’s
functions (Hermann et al., 2011). Since the release
of the Millennium Ecosystem Assessment (2005),
publications on ecosystem services have increased
exponentially, focusing on assessment, classification,
quantification, mapping, modelling, and valuation of
ecosystem services in order to integrate the concept
into decision-making.

This paper aims to present fundamental concepts
and an overview of methods and applications of soil
ecosystem services, as well as their usefulness for
decision-making. In this context, the ecosystem service
concept emerged from the work of ecologists and
economists who were concerned with environmental
degradation, and expanded across areas of knowledge
and countries, drawing the attention of various
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stakeholders and researchers, eventually moving
to specific questions on methods and applications
(Chaudhary et al., 2015). This scenario requires
conceptual frameworks and standardized procedures, as
well as transparency and clearness for communication
aimed at overcoming cultural barriers and those of
different areas of knowledge (Nicholson et al., 2009).
Therefore, following this introduction, the second
session presents the main concepts of soil ecosystem
services and their functions. The Millennium Ecosystem
Assessment (2005) conceptual framework has been the
most influential basis on which a variety of specific
classification frameworks has been developed, and this
paper presents a classification designed specifically for
soil ES based on acknowledged ES frameworks.

Methods for assessing, measuring and quantifying
soil ecosystem services are addressed in the third
session, which presents soil ES approaches from
the soil quality concept and indicators to ecosystem
process-based models. As soil is a cognitive integrator
of water security, agricultural production, energy,
climate and biodiversity (McBratney et al., 2014), all
the impacts on soil will have indirect impacts on other
ES and human welfare. Thus, developing models and
metrics that represent causality relationships among
environmental, societal and economical processes is a
necessary task to provide comprehensive information
for decision-making. Therefore, the fourth session
highlights valuation methods, which have showed a
major importance to policy-makers’ acknowledgement
of costs and benefits associated with ecosystem
services.

The fifth session points out newly developed
applications of methods to assess soil ES and related
impacts of agricultural management, with studies
carried out in different regions of the world, focusing
on different spatial scales and objectives, from local
farming systems evaluation to national agricultural
policy assessment. Finally, in the last session, this study
presents challenges and opportunities for research
and policy-making related to agro-environmental
sustainability in Brazil. The concepts of ES, as well
as the complementary concept of “environmental
services”, have gradually been adopted in Brazil, both
by the scientific community and decision-makers. The
environmental services are “the environmental benefits
from selected interventions by society which influence
ecosystem dynamics” (Muradian et al., 2010). In other
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words, they are generated from conservationist actions
carried out by society. Despite the growing use of these
concepts, the interdisciplinary, systemic and dynamic
ES approach must be improved to provide information
to decision-makers. For that, comprehensive tools
on how policy-induced soil management practices
and land use changes affect ecosystem services and
consecutive benefits to society are essential to subsidize
consistent decision-making.

Therefore, the purpose of this review is to provide
subsidies and motivation for research on soil ecosystem
service approaches, in order to generate integrated
results and applications to policy-makers, in Brazil,
aiming at agro-environmental sustainability.

Soil ecosystem services

Although the role of soil and its functions for ES and
society have been historically undervalued (Bouma,
2005; Robinson et al., 2014), the interest in soil systems
has grown. In recent decades, several soil scientists
have referenced multiple functions and services of
soil, considering it a complex system intrinsically
related to human security, environmental integrity, and
to economic aspects (Blum, 2005; Haygarth & Ritz,
2009; Robinson et al., 2014).

Over the last two decades, different categories of ES
have been proposed, aiming at a better understanding
of ES (Costanza et al., 1997; De Groot et al., 2002;
Millennium Ecosystem Assessment, 2005; Haines-
Young & Potschin, 2010; Kandziora et al., 2013). There
is no consensus regarding the establishment of a single
classification model. Haines-Young & Potcshin (2010)
stressed that it is unlikely that a list of simple and
generic classification of the services could encompass
the diversity of ecosystems and regions. It is important
to add the wide range of perceptions on ES — and the
demands on them from society — to the variety of
local and regional characteristics of the environment.
Therefore, our effort to list and classify ES in different
categories must be regarded as a general guide.

Several authors mentioned that ecosystem
frameworks generally failed to show the role of soils as
ES suppliers. Despite the relevance of the Millennium
Ecosystem Assessment (2005) framework, there
is a sense that this approach has restricted soil to
“supporting services” (Robinson et al., 2012; Dominati
et al., 2014a). The reasons pointed for this restricted
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view are the difficulty in quantifying ES adequately,
the necessity of standardized definitions, and the
lack of operational tools that can translate theoretical
frameworks and represent dynamic processes.
Taking these into account, specific frameworks and
classifications of soil functions have been proposed
by Planning for Sustainable Use of Land Resources
(1995), Blum (2005), European Commission (2006),
Haygarth & Ritz (2009), and Dominati et al. (2010).
Table 1 shows the main ES derived from the several
functions performed by the soil.

The approach to soil ecosystem functions has been
developed from discussions on soil quality since the
1990s, when the focus was on building criteria to
assess and evaluate soil management practices, which
sought sustainability of agricultural management. In
1997, as a deliberation of SSSA (Soil Science Society
of America), the Committee on Soil Quality presented
the following concept of soil quality: “the capacity
of a specific kind of soil to function, within natural
or managed ecosystem boundaries, sustaining plant
and animal productivity, maintaining or enhancing
water and air quality, and supporting human health
and habitation” (Karlen et al., 1997). Thus, besides the
importance to food production, the soil quality concept
is linked to the ecosystem’s global functioning.

The great contribution of the evolved soil quality
concept to the knowledge of soils is perhaps the
integrated vision of them, which has made common soil
assessment grounded on its processes and functions. In
this sense, Vezzani & Mielniczuk (2011) highlight the
increasing need to assess soil quality addressing soil as
a complex system, with innumerous relations among
the ecosystems and soil system components.

Soil functions are interrelated, meaning that each
function depends on another to perform its role, as
depicted in Figure 1. This figure, of course, does not
encompass all relations; rather, it shows the dynamics
between them and the whole functioning of soil in the
ecosystem. The comprehension of this dynamics allows
soil functions to be considered in the assessment and
quantification of ES. Soil system works as a buffering/
reactive/controlling interface, covering most of land
surface, being able to be changed to some extend by
the human action.

The National Research Council (2001) presented
the “critical zone” concept as the dynamic interface
between fluid envelopes and solid materials, regulated
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Table 1. Soil functions and ecosystem services.

R.B. Prado et al.

Ecosystem service

Soil function Service

Support for terrestrial vegetation Support Primary production

Soil formation processes Support Soil formation and renewal

Storage, cycling, processing of nutrients and delivery to plants Support Nutrient cycling

Supporting structures for human occupation and activities (for Support Platform

example: housing, industry, infrastructure)

Habitat for resident and transient populations (a vital Provision Refuge

component for terrestrial habitats)

Water retention and supply in the landscape Provision Water storage

Provision of plant growth and production Provision Supply of food, fibers, fuels and wood (biomaterials)
Provision of source materials Provision Supply of raw materials of mineral origin
Source of unique biological materials and products (soil biota) Provision Biodiversity and genetic resources
Population regulation (soil biota) to control pests, pathogens Regulation Control of potential pests and pathogens

and diseases

Disposal and decomposition of residues and pollutants Regulation Recycling and remediation actions
Filtration and buffering of water Regulation Water quality regulation

Regulation of hydrological flows, buffering and moderation of Regulation Water supply regulation, and flood and draught control
hydrological cycle
Carbon sequestration and accumulation, regulation of the Regulation Regulation of atmospheric GHG and climate regulation
atmospheric chemical composition and climate processes
Sediment retention Regulation Erosion control
Support for recreational activities Cultural Recreation
Support for non-commercial activities Cultural Development of cognitive, aesthetical, educational,

spiritual and scientific experiences and activities
Cultural Historic and cultural heritage

Holds archaeological record of terrestrial occupancy and
civilizations

Source: Adapted from Barrios (2007), Haygarth & Ritz (2009), and Dominati et al. (2010).
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by all biotic and abiotic processes that control the fluxes
of mass and energy. As pointed by Field etal. (2015), the
supply of ecosystem goods and services is controlled
by the processes in this zone, including pedogenesis,
hydrologic fluxes and landscape morphogenesis. Soil
also plays a critical role in ecological processes related
to the primary production in land ecosystems (Jenny,
1961).

The hydro-physical characteristics of the soils pose
the limits to plant growth, the range of biodiversity that
can live there, and affect the use of the soils for human
purposes, especially agriculture (Power, 2010; Field
et al., 2015). They also affect water and gas fluxes and,
therefore, recharge of aquifers, runoff, and erosion.

Soil, with its complex patterns of pore/void system,
is one of the most challenging interface systems to
study and model, both in space and time. These and
other soil patterns change over time and are very
sensitive to management. So, to understand the role of
soil as ES supplier, it is necessary not only to identify
and classify soil ES, but also to adequately evaluate,
monitor, and quantify such ES. While classifying soil
ES demands a better conceptual framework of soil
functions, quantifying soil ES requires the development
of approaches considering soil processes, stocks
and fluxes, and their relations with other ecosystem
components, such as water, atmosphere and biological
systems.

From soil function indicators
to integrated methods

Advances in soil science to understand soil ES are
needed, especially because soil services arise at very
different scales, ranging from microns (habitat for
microorganisms) to landscape (flood mitigation), and
to the planet itself (air quality) (Dominati et al., 2010).
Moreover, the relevance of soil ES approaches for soil
conservation has been pointed out in recent studies
(Lal, 2014; Dumanski, 2015). This session presents
the use of soil function indicators to assess soil quality,
the increasing development of integrated methods to
evaluate ES, and how soil is considered in the latter.

Considering the complex relations between soil
management and policies, researchers have stressed
the challenge of developing fast and simple methods
to assess soil quality and land use sustainability at
local, regional, national, continental and global levels
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(Velasquez et al., 2007; Rutgers et al., 2012; Year book
2012, 2012).

Doran & Parkin (1994) proposed one of the first
soil quality indexes, which was oriented to soil
function assessment based on food quality (nutrition
and security), water and air quality, crop production
and protection against erosion. Since then, all the
other indexes have been based on soil function
assessment, and the studies have explored different
aspects: biological indicators (Parisi et al., 2005);
microbiological indicators (Monokrousos et al.,
2006); physical-chemical indicators (Chen et al.,
2006); organic matter (Shukla et al., 2006), qualitative
analyses (Barrios et al., 2006); and landscape integrated
analyses, modeling, and mapping (Mele & Crowley,
2008).

Indicators contribute to understand the current
state of the soil and to assess negative or positive
impacts from land use and cover changes (Téth et al.,
2007; Pulleman et al., 2012), which may affect the
provision of soil ES. Soil quality indicators proved to
be important for designing management practices and
techniques aimed at soil restoration, and for monitoring
their suitability (Velasquez et al., 2007). However,
considering the heterogeneity of edaphic and climate
conditions, in addition to the environmental, social,
political, and economic aspects that influence soil
management, and therefore soil quality, an universal
index has not proved to be feasible. Therefore, the
scientific community has abandoned the idea of a
single approach to assess soil quality, and soil function
assessment at local and regional scale has grown.

The conceptual approach presented by Karlen &
Stott (1994) is supported by the latter perspective.
They have proposed a soil quality index based on
the selection of soil ecological functions, according
to the interests of managers and technicians, such
as soil water storage, degradation resistance, or
support for plant growth. In this approach, each soil
ecological function is weighed in order to consider
its significance to the objective assessed. Currently,
in order to establish weights to soil functions in
different management contexts, several authors have
used statistical analyses to correlate the soil attributes
to those of farming systems, as well as the principal
component analysis to assess selected soil functions
(Velasquez et al., 2007; Paz-Kagan et al., 2014; Liu
et al., 2015).
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The large experience accumulated from studies on
soil quality assessment has shown the high sensitivity of
biological indicators to distinguish differences between
several land uses and managements (Aziz et al., 2013;
Rousseau et al., 2013; Paz-Kagan et al., 2014; Liu et al.,
2015). Cardinale et al. (2012) highlight that biological
attributes represent ecological processes that promote
ES, and the performance of soil ecosystem functions is
a result of life-driven relations in the soil system. The
use of soil quality indicators has evolved to functional
and relational approaches which consider soil as a
complex system. Nonetheless, effective understanding
of the role played by soil on the provision of ES to
society depends on integrated methodologies to assess,
quantify, map, and valuate ES.

Willemen et al. (2015) pointed out that a wide variety
of methods to assess and map ES has helped the field to
progress and evolve in several directions and contexts.
However, this diversity challenges the integration of
ES information into policy-making, natural resource
management, and “green accounting”. One helpful
initiative was the Mapping and Modelling (Ecosystem
Services Partnership, 2016) working groups of the
Ecosystem Service Partnership (ESP), which have
provided information on tools, guidelines and standards
to improve spatial and temporal dynamic analyses,
mapping ES and modeling tools. Some reviews on ES
mapping have also been published (Egoh et al., 2012;
Martinéz-Harms & Balvanera, 2012; Burkhard et al.,
2013; Crossman etal., 2013; Peh etal., 2013; Willemen
etal., 2015), in the face of the increasing importance of
its role in conservation investments, land use planning,
and development assessment. Addressing the problem
of information integration, Crossman et al. (2013)
proposed a standard blueprint to help organize these
studies, and built it during the 5th ESP Conference in
2012. The blueprint consists of a preamble with meta-
information about the study, and a table with attributes
for studied services.

Martinéz-Harms & Balvanera (2012) mentioned
the general use of models based on the well-known
causal relationships between environmental variables,
followed by the extrapolation of ES values to the
analyzed area using land-cover maps. They warned
that the use of secondary data, frequently applied at
broad scales, without validation techniques, could be
misleading. Authors also urged for the development of
methods to understand the social-ecological processes
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behind the supply of ES. Willemen et al. (2015)
highlighted the best ES mapping practices to support
decision-making. These mapping practices include
robust modeling, measurement, and stakeholder-based
methods to quantify ES supply, demand or flow, as well
as measures of uncertainty and heterogeneity across
spatial and temporal scales and resolutions.

Considering the variety of methods to assess, map,
and model ES, this study presents some examples of
tools to model ES in an integrated way (Table 2).

In general, tools do not focus specifically on soil
ES, except MOSES, which aims at modelling them.
Two other ES modelling methods consider soil
functions explicitly: InVEST, which considers soil
functions affecting other ES, e.g., sediment retention,
which quantifies soil loss and retention and values
the avoided cost of water treatment or dredging;
and SPASMO, where the generation of soil property
dynamics constitutes the first step in the quantification
of soil services.

There are also some tools, used to assess and quantify
ES, based on mass-balanced models that simulate
surface processes. The LPJmL (Lund-Potsdam-Jena
Managed Land) simulates vegetation composition and
distribution, as well as stocks and land-atmosphere
exchange flows of carbon and water, both for natural
and agricultural ecosystems (Bondeau et al., 2007);
and JULES (Joint UK Land Environment Simulator)
assesses the impact of modifying a particular process
on the ecosystem by modelling the interaction of
several surface processes, such as surface energy
balance, the hydrological cycle, the carbon cycle, and
the vegetation dynamics (Best et al., 2011).

Published methods have shown the relevance of
integrated approaches in terms of scales and multiple
services. These innovative approaches, following
the example of the first three tools mentioned above,
should be able to assess soil processes that provide
multiple ES, and to describe and quantify impacts of
soil management on these processes.

Valuation of soil ecosystem services

Most ES, having characteristics of public goods,
are not traded in conventional markets, and they have
neither prices nor monetary values (De Groot et al.,
2012; Costanza et al., 2014). Thus, they have not
been considered by economic agents in their decision-
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making, which has led to ecosystem degradation.
However, there have been attempts to express ES
through economic valuation, aimed at representing
their importance to human well-being (Egoh et al.,
2012; Costanza et al., 2012, 2014).

Several authors have mentioned that ES have
different values in addition to the economic one, such
as social, cultural, and ecological values; and not all of
them can be translated into monetary units (Costanza
& Kubiszewski, 2012; De Groot et al.,, 2012;
Hernandez-Morcillo et al., 2013; Costanza et al.,
2014). The economic valuation has prevailed due to
its potential to inform different audiences, especially
for decision-making in the capitalist system (Costanza
etal., 2014).

Like other natural resources, soil also provides a
set of ES, which have characteristics of public goods
(Millennium Ecosystem Assessment, 2005; Dominati
et al,, 2010). Valuing this asset could reveal the
importance of the ES provided by soil and the influence
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The valuation process consists of two steps: i)
biophysical assessment and measurement of ES; and
i1) translating biophysical results into monetary values.
For the second step, there is a wide range of techniques
and methods (Figure 2) (Romeiro & Maia, 2011;
De Groot et al., 2012; Costanza et al., 2014).

Indirect methods aim at estimating ES values based
on a production function, which relates the ES to
“substitute goods”, or even to other natural or manmade
resources available on the market — observable market
prices are considered “shadow prices”. As these prices
are determined by “exchange value” or “use value”,
the ES values tend to be underestimated (Ortiz, 2003;
Motta, 2006; An introductory..., 2007). Direct valuation
methods (Figure 2) try to overcome this limitation by
estimating non-economic ES values based on direct
consultation to stakeholders (Ortiz, 2003; Romeiro &
Maia, 2011).

Although soil is responsible for the provision of
many ES, assessment studies have generally focused

of the use and management practices on those ES.

on the assessment of the nutrient loss due to soil

Table 2. Examples of tools to model and assess ecosystem services.

Tool and main reference

Description

Toolkit for Ecosystem Service at Site-based Assessment
(TESSA)
(Pehetal., 2013)

Practical suite of tools for measuring and monitoring ecosystem services at a site scale, with
low cost.

It helps users identify which ES should be assessed, which data are needed to measure them,
which methods or sources might be used in different contexts, and how the results can then
be communicated

The Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST)
(Natural Capital Project, 2015)

A suite of software models used to map and value the goods and services from nature.

The models are based on production functions that define how an ecosystem’s structure and
function affect the flows and values of ecosystem services. The toolset currently includes
seventeen distinct models suited to terrestrial, freshwater, and marine ecosystems

Artificial Intelligence for Ecosystem Services (ARIES).
(Villa et al., 2014)

An integrated ES modeling methodology and web application to assess the ES and illuminate
their values to help environmental decision-making.

The methodology is assisted by model integration technologies that allow assembly of
customized models from a growing model base

The Multiscale Integrated Models of Ecosystem Services
(MIMES).
(Boumans et al., 2015)

A suite of models that evaluates land use changes and subsequent effects on ecosystem
services on global, regional and local levels, in the short and long term.

In MIMES, users formalize how materials are transformed between natural, human, built,
and social capitals. This information is synthesized within a system model to forecast ES and
human use dynamics under alternative scenarios

The Soil Plant Atmosphere System Model (SPASMO).
(Green et al., 2003)

A process-based dynamic model that describes soil processes, plant growth and farm
management

SPASMO investigates the influence of management practices on plant growth and soil
properties and processes, enabling the evaluation of provision of soil services

Supporting and degradation processes make up the model core

The Modelling Soil Ecosystem Services (MOSES)

(Aitkenhead et al., 2011)

A process-based soil model that provides information about soil profile

MOSES targets soil ecosystem service-related functions, including carbon sequestration,
water buffering and biomass productivity.

Outputs are used to evaluate provision of soil ecosystem services

The nature value explorer
(Broekx et al., 2013)

A web-based application for the estimation of two groups of final ecosystem services: cultural
services and regulating services.

The tool allows exploring the quantity and value of ecosystem services and estimating the
impact of land use and land cover change on regulating and cultural ecosystem services
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erosion (Table 3). The approach of Dominati et al.
(2014a) presented a natural capital/ES framework for
ES valuation based on the bio-physical measures of
many soil ES, estimated as flows by a dynamic model,
and eventually valuated by commonly used economic
techniques. Facing the limits for ES monetary valuation,
these authors pointed that, although it provides only
one perspective of the ES value, this approach gives
more useful information to policy-makers than market
prices might do.

Soil ecosystem services and
agricultural system sustainability

Agricultural ecosystems offer newly recognized
potential to deliver more diverse ES and to mitigate
the level of “disservices”, which is the term used for
expressing losses of ES. Some agricultural practices,
including reduced tillage or no-till, residue retention,
permanent organic soil cover and crop rotations aim to
increase crop yields by enhancing several regulating
and supporting ES (Palm et al., 2014). Many of these
services are interrelated and depend on a set of soil
properties. However, establishing connections between
specific soil properties and ecosystem processes is a
hard task due to the inherent complexity of natural
systems. According to Palm et al. (2007), the predictive
relations between soil properties and soil processes
are needed not only to understand natural systems but

Valuation Methods
Direct

Direct WTP/WTA
- Contingent valuation

Production function
- Marginal productivity

Indirect WTP/WTA
- Travel cost
- Hedonic price

Substitute goods market
- Avoided cost

- Control cost

- Replacement cost

- Opportunity cost

WTP — Willingness to pay; WTA — Willingness to Accept.

Figure 2. Economic valuation methods of ecosystem
services. Source: Modified from Pearce & Turner (1990),
Ortiz (2003), Maia et al. (2004), Mueller (2007) and Mota
et al. (2010).
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also to manage systems in order to favor rather than
degrade ES.

In recent years, studies have been addressed to
better characterize soil ES by understanding and
quantifying soil functions and indicators according to
field data from several farming systems in temperate
and tropical regions (Rutgers et al., 2012; Williams
& Hedlund, 2013; Lavelle et al., 2014; Albizua et al.,
2015; Parron et al., 2015). Moreover, scientists have
advanced in mapping, modeling and valuating soil
ES at regional or country scale, as well as developing
tools to help agricultural and environmental policies
(Wijnen et al., 2012; Dominati et al., 2014a, 2014b;
Schulte et al., 2014; Calzolari et al., 2016). Table 4
presents the soil ES indicators used by these case
studies.

These studies focused on specific ES, such as the
soil’s capacity to attenuate pollutants at country level
(Wijnen et al., 2012), or addressed a set of ES and
related functions (Dominati et al., 2014a; Calzolari
etal., 2016).

The selection of soil ES indicators has been
carried out using different approaches, depending
on the assessment scale and data availability. Some
studies used expertise consulting, such as the BPJ
(Best Professional Judgment) method, applied in the
Netherlands at local (Rutgers et al., 2012) and national
scale (Wijnen et al., 2012). The selection of indicators
was based on previous choice of ES assessed.

In order to quantify soil ES indicators, modeling
tools have been developed to derive them either
from available databases in national surveys and
literature, or from field data collection. Dominati et al.
(2014a, 2014b) used proxies, based on dynamic soil
properties, to quantify ES (flows), using outputs from
the SPASMO model. This approach offers a solution to
apply ES concepts at various scales.

The studies based on field data from farming systems
provided information on how soil management impacts
its ES. For instance, Albizua et al. (2015) found that
integrating ley into arable rotations can enhance the
delivery of soil ES. From their studies in Colombian
Llanos, Lavelle et al. (2014) pointed out that different
farming systems may impact distinctly the various
soil functions and related ES; e.g., macroinvertebrate
diversity and soil macroaggregates had better scores in
improved pastures, whilst indicators of carbon storage
and greenhouse gas emissions reached better values in
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perennial crops (palm). They also highlighted the role
of soil biota for the ES. Parron et al. (2015) assessed
the effects of different farming systems on four selected
soil services: carbon and nitrogen sequestration,
nutrient cycling, water and soil conservation, and
biodiversity conservation. Their results showed that
some management practices were beneficial to some
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soil functions and services, while they damaged others.
Dealing with such trade-offs and synergies, involving
soil functions and services requires a priority analysis
to decide on the goals for a given agroecosystem.

The tools to quantify soil services in progress can
provide the assessment of the effects of policies on the
ES supply and losses (Schulte et al., 2014), as well as

Table 3. Some valuation studies on soil ecosystem services (ES) provided by soil.

Country ES valuated Valuation methods Studies

Brazil Loss of nutrients Replacement cost Pugliesi et al. (2011)

New Zealand Many ES Market prices, replacement cost, defensive expenditure, provision cost Dominati et al. (2014a)
Spain Many ES Contingent valuation Colombo et al. (2006)
Tunisia Soil retention Production function Kefi & Yoshino (2010)
World Soil fertility Meta-analysis De Groot et al. (2012)

Table 4. Some case studies of soil ecosystem services (ES) approach applied to assess agricultural sustainability.

Farming system Soil ES indicators References Local
The Netherlands’ land use Functional microbial activity; potential carbon Wijnen et al. (2012) The Netherlands
mineralization rate; potential organic nitrogen
mineralization rate; soil organic matter, pH and
phosphorus content
Conventional, intensive and organic  Soil organic matter, abundance and diversity of Rutgers et al. (2012) Polder Hoeksche
farming practices with crop rotation  earthworms, bacterial biomass, physiological diversity Waard (Rotterdam,
(potato, wheat, sugar beet and barley, of bacteria, pH, diversity of nematodes, potential the Netherlands)

cauliflower, sprouts, carrots, parsnip,
onion, celeriac, rhubarb and corn)

C-mineralization, potential N-mineralization, diversity of
microarthropods, water soluble-P, extractable P, nematode
plant-parasites, metal concentrations

Conventional and organic crops on

Soil organic carbon, total nitrogen, hydro capacity,

Williams & Hedlund (2013)

Southern Sweden

arable barley fields phosphorus available, carbon storage, nutrient retention
and net N mineralization

Sheep and beef Inherent and manageable soil properties used to calculate Dominati et al. (2014a) Waikato, New
flows (services) from soil natural capital stocks (model Zealand
SPASMO)

Sheep and beef pasture and spaced N fertilizer; native Olsen P; trace elements; bulk density; Dominati et al. (2014b) East Coast of North

planted trees as soil conservation
practice (soil recovery)

slope; rainfall; potential P runoff; dung deposit; C stocks

Island, New Zealand

Wheat with crop rotations, including
ley farming and manure; wheat
conventional farming

Soil organic carbon, total N, phosphorous, potassium,
pH, water holding capacity, bacterial and fungal biomass,
grain yield and protein content

Albizua et al. (2015)

Scania, southwest
Sweden.

Improved pasture, annual crops (rice,
corn, soybean and beans), palm oil
plantation, and original savannas

Activity and diversity of macroinvertebrate communities,
soil chemical (N, P, K, Ca, Mg, Al, C) and physical
indicators (macroaggregation, hydrological functions)

Lavelle et al. (2014)

Orinoco River basin,
in eastern Colombia

Forests and grassland without
grazing, no-tillage and rotation crops
(integrated crop-livestock-forest,
integrated crop-livestock, no-tillage
crop), eucalyptus plantation and
native pasture

SOC and SON stocks

Parron et al. (2015)

State of Parana,
Brasil

Agriculture and environmental Irish
policies

Denitrification capacity, P adsorption, carbon
sequestration, area of high nature value, total quantity of
P in pig slurry

Schulte et al. (2014)

Treland.

Grasslands and dairy farms, cereals
and pig, orchards, vineyards,
vegetables and cereals

Potential habitat for soil organisms, bulk density, organic
C, cation exchange capacity, pH, rooting depth, soil
evaporation, potential carbon sequestration, potential land
capability map, soil bearing capacity, infiltration capacity,
water content at field capacity, presence of water table

Calzolari et al. (2016)

Emilia Romagna,
Northern Italy
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the valuation of the soil ES (Dominati et al., 2014a,
2014b).

Those studies presented the methods and showed the
opportunities and the shortcomings of their application.
Despite the need to advance in understanding the links
between soil processes and the ES, some feasible
management strategies are already well-known, and
require putting the current knowledge into practice
(Powlson et al., 2011).

Challenges and opportunities for
research and public policies related to
agro-environmental sustainability and

soil ecosystem services in Brazil

Although soil conservation was not considered a
priority in government agendas in the past (Guerra
et al., 2014), many agricultural production systems
focusing on soil conservation have been developed
and are being used in Brazil over recent decades. In
commodity producing regions, some management
systems have been rising in importance, such as
no-tillage system (NTS), crop-livestock integrated
system (CLIS) and crop-livestock-forest integrated
system (CLFIS) (Muniz et al., 2011; Assis et al.,
2015), while in other regions, family farmers are

also experiencing new integrated systems, such as
organic farming and agroforestry (Martinelli et al.,
2010). Evaluating the impact of these technologies
on soil ES is required to subsidize decision-making
and international agreements. However, there are
many challenges ahead of scientific advances for
supporting decision-making, as shown by Ferreira
et al. (2012).

A major challenge is bringing scientists and decision-
makers together to develop public policies, and this has
been considered a way to achieve practical results for
agro-environmental sustainability (Daily et al., 2009;
Stallman, 2011; Breure et al., 2012). Some global
initiatives have improved integration of scientists
and decision-makers, which have contributed to soil
ES, such as: GESSOL Program (Breure et al., 2012);
GEO’s Biodiversity Observation Network (GEO
BON), under the umbrella of GEOSS (the Global Earth
Observation System of Systems) (Scholes et al., 2012);
Global Soil Biodiversity Initiative (GSBI), under
Global Soil Partnership (GSP) operated by FAO (Wall,
2013); Intergovernmental Platform on Biodiversity
and Ecosystem Services, related to the Millennium
Ecosystem Assessment and the Intergovernmental
Panel on Climate Change (IPCC) (Diaz et al., 2015);
Ecosystem Services Partnership (ESP) (Burkhard

Table 5. Pressures that most affect soil ecosystem services, and related studies.

Pressure Soil ecosystem services

References

Soil compaction

Aeration; flow of water and nutrients; plant growth; water regulating;
water storage; food supply; erosion control

Reichert et al. (2007)

Erosion processes

Primary production; soil formation and renewal; nutrient cycling;
platform; refuge; water storage; food, fiber, fuel and wood

Minella et al. (2010), Lima & Lopes (2011),
Guerra et al. (2014)

(biomaterials); mineral raw materials; biodiversity and genetic
resources; recycling and remediation activities; water quality and
quantity regulation; flood and drought control; erosion control;

recreation; aesthetic and heritage functions

Soil contamination

Nutrient cycling; platform; refuge; food, fiber, fuel and wood

Dellamatrice & Monteiro (2014)

(biomaterials); biodiversity and genetic resources; recycling and
remediation activities; regulation of water quality; recreation

Carbon stock reduction

regulation

Primary production; soil formation and renewal; nutrient cycling;
refuge; food, fiber, fuel and wood (biomaterials); biodiversity and
genetic resources; pathogen and disease control; GHG and climate

Carvalho et al. (2010) Lima et al. (2012)
Madari et al. (2012), Coutinho et al. (2014),
Perrin et al. (2014)

Reduction of soil fertility and
biodiversity

Primary production; soil formation and renewal; nutrient cycling;
refuge; food, fiber, fuel and wood (biomaterials); biodiversity and

Vezzani & Mielniczuk (2009), Chaer (2010)

genetic resources; pathogen and disease control; recycling and

remediation actions

Vegetation fragmentation in the
landscape

Primary production; soil formation and renewal; nutrient cycling;
refuge; water storage; mineral raw materials; biodiversity and genetic

Sparovek et al. (2010), Ferreira (2014)

resources; pathogen and disease control; water quality and quantity
regulation; flood and drought control; GHG and climate regulation;
erosion control; recreation; aesthetic and heritage function
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et al., 2010); and the Natural Capital (Kareiva et al.,
2011).

This trend has also been observed in Brazil, where
thematic research networks have worked to overcome
those challenges, such as: Pecus (Oliveira, 2014);
Fluxus (Madari et al., 2011); Environmental Services
in Rural Landscape (Prado et al., 2015); Sustainable
Amazon (Gardner et al., 2013); Soil Microbiology and
Sustainability of Agricultural Systems (Mendes et al.,
2011); and Biota FAPESP (Joly et al., 2010).

Regarding public policies for improving or
maintaining ES  provision, compensation for
environmental services has been adopted as a
conservation strategy worldwide (The Economics...,
2009). In Brazil, one type of compensation is the
Payment for Environmental Services (PES), which
has grown quickly (Pagiola et al., 2013), especially
due to the incentive of the “Produtor de Agua” (literal
translation: water producer) program of the National
Water Agency (local acronym: ANA) (Santos et al.,
2010). The program has spread out around the country
with the participation of several institutions, mainly
the watershed committees and non-governmental
organizations. The experiences of PES in Brazil are
different from other PES in Latin America, as the
Brazilian experience considers paying for agricultural
conservation practices as an opportunity to improve
and maintain soil ES, in addition to the reforestation
and forest maintenance. Successful Latin-American
experiences have been used as references for Brazilian
PES (Calvache et al.,, 2012). The main challenges
observed along the first decade of Brazilian experiences
are: building the institutional arrangements, establishing
the legal framework, maintaining the source to pay
beneficiaries, and monitoring the effective PES impacts
in ES (Pagiola et al., 2013; Young & Bakker, 2015).

It is remarkable that changes in legal frameworks
may create opportunities to improve PES. For
instance, Leite (2014) pointed out that the Lei n°
12.651/2012 (Brasil, 2012) — a Brazilian federal
law — has opened a perspective of markets for ES.
This law also established the Rural Environmental
Registry (local acronym: CAR), which will allow the
mapping of rural properties and the production of an
environmental database — whose lack is a problem
in Brazil — to support planning, management and
compensation for soil ES (Cadastro..., 2015). Other
public policies for environmental compensation

were described by Mattos & Hercowitz (2011), for
example, the “Bolsa Floresta” and the Chico Mendes
activism in the Amazon region; the Proambiente
(a Brazilian program for social and environmental
development of rural family production) and the
ICMS Verde (a Brazilian tax on the circulation of
goods and services).

The Brazilians’ efforts towards reducing impacts
on ES have been recognized at international forums.
During the 15th UN Climate Change Conference of
Parties (COP-15), the Brazilian government announced
its commitment to reduce between 36.1 and 38.9% of
GHG emissions by 2020. To achieve the goals related
to the agricultural sector, the Sector Plan for Mitigation
and Adaptation to Climate Change for the Consolidation
of an Economy of Low Carbon in Agriculture (ABC
Plan — in Portuguese, Plano ABC) was drawn up. The
ABC Plan has a credit line, called the ABC Program,
which provides credit for large farmers to finance
the adoption of ABC conservationist technologies
(Plano..., 2012). Although it does not have a specific
focus on ES provision, it is important to promote
discussion on this subject. There are other rural credit
lines, mainly for small farmers, such as the Pronaf Eco,
Pronaf Agroecologia (related to agroecology), Pronaf
Floresta (related to forest); besides public policies on
strengthening agroforestry systems (Porro & Miccolis,
2011; Martins & Ranieri, 2014). According to Grisa &
Schneider (2015), these programs are part of the third
generation of public policies related to small farmers in
Brazil, aimed at building markets with a focus on food
security and sustainability.

However, public policies focused on soil
conservation and ES provision, in Brazil, still face
many challenges, such as the extent of degraded areas
in the country, the socioeconomic and environmental
particularities of each biome, and the lack of legal
instruments, easily applicable indicators and a baseline
to allow monitoring the effective impacts on ES
provision. The governance is also a key issue related
to the feasibility of public policies. According to Food
and Agriculture Organization of The United Nations
(FAO, 2014), responsible and effective governance
mechanisms are required to reach sustainability in
food and agriculture. Good governance shall enable
policy, legal and institutional environments to “ensure
accountability, equity, transparency and the rule of
law” (FAO, 2014).
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Another challenge related to public policies in
Brazil is that they often are neither effective nor
integrated strategies (Grisa & Schneider, 2015).
The ES approach can contribute to overcome such
obstacles, as it is systemic and interdisciplinary,
and involves suppliers and beneficiaries. In order
to guide the use of ES approach by policy-makers,
Wong et al. (2015) proposed a framework to bridge
the gaps between concepts and methods in disciplines
such as ecology, economy and politics, as well as to
avoid the lack of data linking ecosystem metrics to
final ES. The authors pointed that attention should
be given to propose realistic targets, to acquire
relevant data within the limits of time and resources,
and to answer the needs of policy-makers. The task
of developing strategies to public policies based
on the ES approach must be considered also by
soil scientists. They can contribute with valuable
information and tools to improve the knowledge
on soil management effects on ES, especially from
agricultural practices.

Final remarks

Understanding soil functions has been a challenge
and also the way to apply the soil ES approach. The
methodological approach of soil quality indicators has
greatly enhanced this comprehension, as it has been
dealt with soil processes and their contribution to the
ecosystem functions and services. Several research
teams have developed integrated tools to assess,
map, model and valuate ES, but only a couple of new
modeling tools have considered the soil ecosystem
services at different scales.

Some recent studies on soil ecosystem services in
different countries have assessed impacts from farming
systems, land use changes and management practices
on soil functions and related-ES. They proved the
importance of long-term field experiments to assess
soil management practices in various agroecosystems,
validating multiple soil ES indicators and developing
models to estimate flows from soil ES stocks. The
studies were carried out at several scales, and showed
the opportunity for the interactions among farmers and
other stakeholders to define soil ES targets, as well as
the potential of ES assessment approaches to evaluate
agricultural and environmental policies.
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ES studies in Brazil have increased quickly, although
soil is roughly considered. Advances in soil science are
needed to better understand the effects of land use and
management on soil ES.

For the soil ES approach to be effective, it must go
beyond the action of scientists and policy-makers, and
collaborate to the improvement of soil governance,
which requires interdisciplinary view and engaged
participation of stakeholders and policy-makers.

Interdisciplinary research efforts and resources
should be applied to answer questions on ecosystem
services related to: i) interactions between soil ES
and management practices, as well as measurable
indicators; ii) the design of societal-ecological system
and its processes, to develop process-based models to
quantify and valuate multiple ES and trade-offs; iii)
comprehensive decision-making support tools; and
iv) communication on ES to overcome discipline and
cultural barriers.
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