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Soils play a key role for the functioning of terrestrial ecosystems. Thus, soils are essential

for human society not only because they form the basis for the production of food.

This has long been recognized, and during the last three decades the need to establish

methods to evaluate the ability of soils to provide soil functions has moved toward the

top of the agenda in soil science. Quantitative evaluation schemes are indispensable

to adequately include soils into strategies to reach sustainable development targets.

In this paper we build upon existing approaches and propose a concept to evaluate

individual soil functions with respect to the soil’s intrinsic potential in contrast to its actual

state. This leads to a separation of indicator variables and allows for conclusions on

the structure of appropriate models that are required to predict the dynamics of soil

functions in response to external perturbation. This concept is demonstrated for the

production function, carbon storage and water storage which are evaluated exemplarily

for different plots of a long-term field experiment. It is discussed for nutrient cycling and

habitat function, where evaluation schemes are still less obvious.

Keywords: soil functions, ecosystem services, soil indicators, modeling soil functions, soil evaluation

1. INTRODUCTION

The wish and need to evaluate soil functions is probably as old as agriculture. Until the
1990s, the focus was mainly on the evaluation of soil fertility and its suitability for growing
different crops. Since then, the perspective on soil functions has increasingly moved beyond the
agricultural potential reflecting the fact that soils are essential for the functioning of terrestrial
ecosystems in many different ways (Doran and Parkin, 1994; Larson and Pierce, 1994; Blum,
2005) including climate control, water quantity and quality, nutrient cycling and being the habitat
of an overwhelming biodiversity. These four additional aspects are critical for the earth system
and are the subject of this paper along with the production function of soils, which is still of
central importance for human societies. These 1 + 4 soil functions also play an important role
in realizing the UN Sustainable Development Goals related to food, water, climate health and
biodiversity (Bouma and Montanarella, 2016; Keesstra et al., 2016). They are directly linked to
soil ecosystem services which account for the immediate benefits that human societies derive from
soils (Spangenberg et al., 2014; Hauck et al., 2013). Similarly, this was also addressed by the soil
“natural capital” (Robinson et al., 2009; Costanza et al., 1997). Here we focus on soil functions as
generated by interacting soil processes without any socioeconomic evaluation as implied by the
notion of ecosystem services. Nonetheless, such an evaluation of soil functions is prerequisite for
the derivation of ecosystem services.
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Being aware of the multifaceted nature of soil functions, their
evaluation is increasingly summarized under the terms of soil
health and soil quality (Doran and Parkin, 1994; Karlen et al.,
1997; Kibblewhite et al., 2008), and the need to maintain soil
multifunctionality has been emphasized by the term soil security
(McBratney et al., 2014) in analogy to food security and water
security. Today, how to actually quantify soil functions (Andrews
et al., 2004; Schulte et al., 2014, 2015; Greiner et al., 2017;
Bünemann et al., 2018) is a very active field of research. This is
a formidable research challenge since soil functions are not well-
defined soil properties measurable using some specific sensor
but are considered to be integral properties emerging from a
multitude of complex interactions between physical, chemical
and biological processes in soil (Vogel et al., 2018). Hence, the
evaluation of soil functions needs to be based on measurable soil
properties, in the following referred to as soil attributes. Such a
quantitative evaluation is not only highly required for decision
makers including politicians, administrators and farmers to
monitor positive or negative changes in soil functions. It is
also a prerequisite for modeling the change of soil functions,
which is essential to predict the (positive or negative) effects of
external perturbations brought about mainly by agricultural soil
management and not least climate change. This is one of today’s
most critical challenges in soil science.

In light of this general evidence and because of different
motivations for soil function evaluation, there are different
concepts available and applied. The main differences originate
from four dimensions of consideration: (i) the target functions
(i.e., which soil functions are in the focus and how are they
defined), (ii) the general purpose of evaluation (i.e., are we
interested in the actual state of a soil or its potential to fulfill
some function), (iii) the spatial scale (i.e., evaluation of a local
soil or mapping of soil functions across landscapes) and (iv) the
target group (i.e., farmers, authorities, environmental agencies
and the public). The common baseline of all concepts is that soil
functions are estimated based on observable soil attributes used
as indicators. Useful indicators are soil attributes that provide
substantial information on soil functions such as soil bulk density
or water capacity. The choice of indicators, however, depends on
the context with respect to the four dimensions of consideration
mentioned above: should they address the potential of soil to
provide a distinct soil function or its current state in relation to its
potential? Or should they be observable in the field, measurable
in the lab or available through soil maps?

Recently, very valuable reviews on the various approaches
have been provided by Bünemann et al. (2018) and Greiner et al.
(2017) which will not be repeated here. A major conclusion of
Bünemann et al. (2018) was that there are only a few approaches
that provide clear interpretation schemes for the measured
indicator values and that often clear conceptual or mechanistic
relationships between indicators and soil functions are missing.
With respect to modeling the dynamics of soil functions,
such clear relationships are essential. The identification of soil
attributes as valuable indicators should not only be based on pure
statistical correlations. It should be based on our understanding
of how soil functions are generated through the complex
interactions of soil processes. Such an approach can open an

avenue to model the dynamics of soil functions in response
to external perturbations—be it agricultural management or
climate change—using process-based models that focus on the
dynamics of the soil attributes identified as valuable indicators
(Vogel et al., 2018).

The aim of this paper is to synthesize available knowledge and
concepts with the focus on mineral soils under agricultural use
and humid temperate climate as typical for Central Europe. A
crucial question is how to separate the evaluation of the soils’
potential and the soils’ actual state to fulfill soil functions. The
discrepancy between both indicates the room for improving soil
management for a specific soil with respect to its soil functions.
Moreover, we treat the 1 + 4 soil functions separately, which was
recently suggested also by several authors (Bouma, 2014; Baveye
et al., 2016; Bünemann et al., 2018). In this way, tradeoffs between
soil functions can become visible, and the fact that different
soils provide different contributions to the ensemble of soil
functions is accounted for. This finally allows the development
of soil- and site-specific management options. The evaluation
of individual soil functions might be integrated under the roof
of soil quality or soil health. However, we agree with Sojka
and Upchurch (1999) that a general soil quality index entails
a substantial loss of information. Evaluating the different soil
functions separately allows for multicriterial optimizations of soil
management strategies.

In the following, we first suggest a general concept of how
to separate between the intrinsic potential of soil to fulfill the
1 + 4 functions and the soil’s actual state. For doing both, we
follow the approach of dimensionless scoring functions as already
introduced by others (Andrews et al., 2004; Mueller et al., 2007).
These scoring functions need to integrate our current process
understanding. They are ideally formulated on continuum scales
in contrast to ordinal scales provided by scoring tables to better
address dynamic changes. This concept is then demonstrated for
a set of different soil functions, i.e., production, carbon storage
and water storage, and we discuss how this could be extended
to other soil functions, such as nutrient cycling and habitat for
biological activity. Finally, we discuss how this could help in
modeling soil functions and where to get the required data to
make this concept operational.

2. EVALUATION OF SOIL
FUNCTIONS—SEPARATING POTENTIAL
AND STATE

When evaluating soil functions, the motivation is either to
estimate the intrinsic potential of soil to fulfill various functions
or to evaluate its actual state for doing so. The intrinsic potential
of a soil is considered to be themaximum a soil can offer based on
its inherent properties with respect to the various individual soil
functions. This implies that all soil properties that can be affected
by soil management within the limits of a good agricultural
practice are in some optimum state. This intrinsic potential needs
to be distinguished from the soils’ actual state since the analysis
has to be based on different soil attributes depending on these
two different perspectives as we will explain in the following.
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The evaluation of the soils intrinsic potential should be related
to inherent soil properties and site conditions (i.e., texture,
mineralogy, soil depth, climate) since all that can be affected by
soil management is only relevant for reaching this potential and,
thus, cannot be part of its definition. For example, a silty loam
soil from Loess has the potential to produce much higher yields
as compared to a sandy soil even if the silty loam might perform
as badly as the sandy soil due to insufficient management. Hence,
when evaluating the potential of soil, we implicitly assume that
all soil attributes that can be affected by soil management (e.g.,
bulk density, pH, organic matter content) are in some optimum
state. This is in fact an intuitive assumption for the evaluation
of the soils potential being defined as, what could be achieved by
some optimal soil management? In contrast, the evaluation of the
actual state needs to be based on the manageable soil attributes,
which was also referred to as dynamic soil quality (Karlen et al.,
2003). Indeed, the evaluation of the actual state of soil is currently
themajor focus of soil quality rating (Mueller et al., 2007) because
of its practical meaning for local soil management by farmers. In
principle, the actual state can be compared to the soils’ potential
to quantify the room for improvement for an individual soil with
respect to the individual soil functions. It should be noted that
climate may change as well and consequently also the intrinsic
potential as defined here might change. However, in the context
of evaluating soil functions in response to soil management we
consider time scales of not more than a decade and we assume
that climate is stable.

In Table 1, the set of soil and site attributes that we consider
important and that are typically used to estimate the state and
potential of the different soil functions are summarized. Thereby,
we distinguish three different categories: those related to the
local climate (C), to inherent soil properties and site conditions
(S) and soil attributes which are affected by soil management
(M). The categories C and S are used to evaluate the soils’
potential while the evaluation of the actual state is based on
category M. For each soil function, the soil attributes that are
typically used as indicator variables are marked by colored boxes.
The distinction of inherent and manageable properties was also
introduced by Dominati et al. (2010) to demonstrate which
properties can be affected by external drivers. Here we use this
distinction to separate soils’ potential from their actual state. It
might be astonishing that among the inherent soil properties
that determine the soils’ potential there are no biological factors,
although we are well aware that the vast majority of soil
processes are biologically driven. The reason for this is that
the development of biological communities and their activities
depend on the abiotic boundary conditions. This has been
reflected by an in-depth discussion of the meaning of organisms
in soil formation by Jenny (1941). Hence, biological processes are
included in the evaluation of soils’ potential only implicitly in that
e.g., a silty loam textured soil under humid conditions provides
substantial capacity to store water and organic matter so that
a rich biological community can evolve to ensure soil structure
stabilization and nutrient cycling.

A technical challenge is how to combine properties with very
different physical units as listed in Table 1. This is required to
come up with some suitable estimator for each soil function.

To do so, we build upon the concept of scoring functions for
individual soil attributes or suitable combinations of them. This
is common practice in soil quality rating (Karlen et al., 2003;
Mueller et al., 2007; Moebius-Clune, 2017). The basic idea is
that observable soil attributes which are used to build indicators
have some optimum range where the considered soil function
is not impaired, while there are critical threshold values beyond
which the soil functions start to be compromised. This can be
expressed by dimensionless scoring functions that take values,
e.g., between zero and unity, depending on the indicator value.
Such scoring functions are required since the renormalization
of the indicator values to a dimensionless scale allows the
combination of different qualities of indicators. Moreover, if
these scoring functions are continuous in contrast to ordinal
scales based on lookup tables, this allows researchers to better
evaluate dynamic changes and to better address uncertainties
(Greiner et al., 2017).

As is clearly shown inTable 1, there are many attributes which
are relevant for more than one soil function. In contrast to the
approach proposed by Andrews et al. (2004), who combined
the relevance of a given attribute for the various soil functions
into one single scoring function, we define individual scoring
functions for each indicator and for each individual soil function
(i.e., for each colored box in Table 1). This means that attributes,
which are relevant for different soil functions, are described by
different scoring functions related to the specific soil function.
For example, the scoring function of air capacity with respect
to water storage might be different from that with respect to
the production function. The separation of scoring functions
for individual soil functions facilitates their definition and
finally allows us to quantitatively address tradeoffs between soil
functions. The challenge is to find and combine the optimal set
of soil attributes which would allow us to effectively integrate
our current knowledge of soil processes and how they affect the
individual soil functions. Basically, the definition of the scoring
functions integrates our actual knowledge on soil processes
and how soil attributes affect the individual soil function. This
knowledge is certainly incomplete. In this paper, we focus on the
concept of how to apply and combine scoring functions while the
detailed definition of these functions remains open for discussion
and might be different for different crops and climatic regions.

To come up with a unique quantification of the individual
soil functions, the rating with respect to the relevant attributes
needs to be combined in a suitable way. This can be done at
two levels. First, different soil attributes can be combined to
generate a meaningful indicator. For example, the water capacity
obtained from soil porosity along the soil profile can be added
to the climatic water balance during the vegetation period to
generate a meaningful indicator for the water deficit as critical
for the production function. At the next level, the multiple
dimensionless values of the various scoring functions need to be
combined in a reasonable way. We suggest to use the harmonic
mean in case the various indicators cannot compensate each
other with respect to their impact on the given soil function.
As demonstrated further below, this is typically the case. If
there are compensatory effects, an arithmetic mean might be
more appropriate.
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TABLE 1 | Inherent and manageable soil and site attributes which might be used as indicators to estimate the potential and the actual state of a soil to fulfill its functions.

We distinguish the categories climate (C, blue), soil and site (S, yellow) and soil attributes affected by management (M, green). Lower color intensity indicates that the relation between

property and function is not yet well established. Boxes marked by X provide the most direct measure for the corresponding function state.

In the following we demonstrate this concept for the
evaluation of the potential and actual state of soil with respect
to the production function, carbon storage and water storage.
The proposed scoring functions are introduced to demonstrate
the concept, being aware that they might require adaptation
for different crops. For other soil functions, where the state of
knowledge on suitable evaluation concepts is even more vague
(e.g., nutrient cycling and habitat for biological activity), we
restrict the discussion to the current understanding of suitable
indicators and how they could be quantified without suggesting
specific scoring functions.

3. EVALUATION OF SOIL
FUNCTIONS—EXAMPLES

3.1. Production Function
3.1.1. Potential

The evaluation of the soils’ potential to produce biomass has
been on the agenda of soil science for centuries. A powerful
and frequently applied approach in Germany today is the Soil
Quality Rating (SQR) (Mueller et al., 2007). This approach uses
scoring tables at ordinal scales for the combination of selected
soil attributes and is in principle equivalent to our approach
based on continuous scoring functions. Evidently, the production
of biomass depends on the grown crop. Like for most rating
systems, we refer to wheat as an indicator crop and a site-specific
climate. To evaluate the soils’ potential for biomass production,
we need to define an indicator Iprod as a function of the inherent

soil properties and site conditions, and we propose the following
general form:

Iprod = f (Isoil, Iwater, Ienergy) (1)

where Iprod is a function of water availability depending on
the local water deficit, Iwater(Wdef) and the capacity to provide
rooting space for the exchange of water and nutrients, which
is a function of soil texture Isoil(texture). The supply of energy
is a third criterion Ienergy, depending on photosynthetic active
radiation, which is further modified by temperature and the
length of the frost-free period. Together, this determines the
intensity of physiologic processes. For our indicator plant wheat,
it is less limiting under conditions in central Europe, whereas it
is crucial for other crops (as e.g., wine). This is why we only focus
on the first two criteria in the following.

The local water deficit is obtained from the climatic
water balance

Wbal = P − ETpot (2)

during the vegetation period (March - August) with P
being the cumulative precipitation and ETpot the potential
evapotranspiration (Allen et al., 1998). This is added to the
plant available water capacity estimated from soil texture,
AWCtexture [vol %], of the soil in the upper 100 cm. The soil
profile can be composed of different soil horizons having different
vertical extensions di [mm] and different soil textures, so that the
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water deficit is calculated as:

Wdef =
∑

i

AWCtexture di +Wbal (3)

This approach implicitly assumes that the soil is at field capacity
in spring. It requires estimating field capacity from soil texture
assuming some optimum state of the soil attributes in categoryM
as e.g., bulk density. To do so, we refer to pedotransfer functions
as proposed by the German soil mapping guideline (Ad-hoc-
Arbeitsgruppe Boden, 2005) assuming a bulk density of 1.3 g/cm3

in the topsoil and 1.5 g/cm3 in the subsoil. The scoring function
for water availability is defined as a partial linear function in
which the threshold for the critical water deficit where yields
are expected to decrease is chosen to be 0 mm and a lower
threshold of −200 mm, below which no substantial yield can be
expected anymore. This approach can be applied for soils with
deep groundwater level where capillary rise is negligible. It is
illustrated in Figure 1.

The potential of soil to provide rooting space for plants for the
uptake of water and nutrients, Isoil, is expressed as a function of
soil texture. This is also done in the SQR approach (Mueller et al.,
2007) where soil texture is segmented into five classes which are
rated by different scores. We follow a similar approach but on
a continuum scale. It is based on the understanding that both
high sand contents and high clay contents diminish soil fertility.
For sand, this is due to limited supply and buffer capacity for
nutrients and for clay, due to limited accessibility for plant roots
and reduced water availability. Additionally, we account for the
volume fraction of stones Vs. Combining scoring functions for
sand and clay (Figure 2, right) leads to

Isoil =
∑

i

Itexture (1−Vs,i) ωi | Itexture = x̄harm(Isand, Iclay) (4)

as a dimensionless indicator for soil fertility based on the
substrate (i.e., texture) as illustrated in Figure 2. The results for
different horizons are summed up while the different horizons
are weighed by the assumed depth distribution of roots described
by ωi with

∑
di

ωi = 1 and ωi = 0 if the horizon is not
rootable due to water logging or limited depth of the soil profile.
In this example an exponential decline with depth was assumed
as typical for cereals.

Finally, we end up with the evaluation of the soil’s potential
for biomass production by combining the indicators for water
availability and soil substrate by calculating the harmonic mean
(since both aspects can hardly compensate each other).

Iprod = x̄harm(Iwater, Isoil) (5)

3.1.2. Actual State

For the evaluation of the actual state, all the actually observable
soil attributes of category M that are deemed to be relevant need
to be addressed (Table 1). In principle, all of them are observable
and measurable. For the production function we suggest the
following attributes: pH, SOC, bulk density and air capacity.
The individual scoring functions should reflect if the optimum
states depend on other soil properties. For example, the optimum

SOC content depends on soil texture since coarse textured soils
have a reduced capacity for stabilizing soil carbon. This can
be accounted for by evaluating the clay/SOC ratio which was
found by Johannes et al. (2017) to be optimal in terms of soil
structural properties below a value of 8 while it becomes critical
above a value of 13 in cropland soils of Western Switzerland.
Considering the yields in long-term field experiments in Eastern
Germany (unpublished data), we shifted these thresholds toward
slightly higher values (10 and 18). They can be considered in the
corresponding scoring function as illustrated in Figure 3 where
other scoring functions are plotted as well.

The scoring functions provide indicator values for each
individual soil attribute based on thresholds defined for optimal
and critical states. These thresholds might be adapted for
different crops. The example given in Figure 3 is assumed to be
appropriate for wheat. The threshold values delimiting the range
of optimal values with respect to the individual soil attributes
are given on the individual x-axis in Figure 3. For air capacity
we assume a step function at 1.0 vol% assuming that for higher
values the soil is sufficiently aerated while this reduces abruptly
below this value. The minimum values of the scoring functions
are assumed to be different for the different soil attributes. While
plant growth below pH 1 is hardly possible (min = 0.0), this is not
the case for critical values of SOC. The minimum values given in
Figure 3 are our suggestions for a silty loam soil and are not based
on any rigorous analysis.

It should be noted that all threshold values provided in
Figure 3 have no general validity in any way. They are plausible
values to demonstrate the proposed concept and certainly need
to be adapted for specific crops. But more generally, they can
be easily adapted into our steadily improving understanding
fed by ongoing research as documented by an enormous body
of publications on the relation between soil attributes and
soil functions. Thus, the scoring functions are a means for
synthesizing the existing knowledge. They allow for including
uncertainties in that the punctual kinks of the scoring function
can be replaced by a fuzzy region which will directly translate to
some uncertainty range for the evaluation of the result.

Finally, all indicators are combined to evaluate the actual state
of a soil layer i based on manageable soil attributes relative to the
site-specific optimum value:

Îprod,i = x̄harm(IpH, IClay/SOC, Iρb , IAC, . . .) (6)

The dots in Equation (6) indicate that other attributes
might be considered in addition. In this example, not all
soil attributes that are deemed to be relevant according to
Table 1 are considered. This is mainly because quantitative
concepts are yet to be developed (topsoil structure, earthworm
abundance, biodiversity).

The harmonic mean is defined such that its value tends toward
zero if one of the elements is zero. The evaluation of the actual
state of a soil profile is finally obtained by summation over the
different horizons including a weighing function as introduced
in Figure 2:

Îprod =
∑

i

Îprod,i ωi (7)
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FIGURE 1 | (Left) Scoring function to get a dimensionless indicator for the water availability. (Right) Pedotransfer function to determine plant available water capacity,

AWC, from soil texture to calculate the water deficit according to Equation 3. Maximum (28%) in green, minimum (10%) red.

FIGURE 2 | Scoring functions for sand and clay content (Right) combined by their harmonic mean according to Equation (4) to get a dimensionless indicator for soil

fertility based on soil texture (Middle, green is maximum) which is combined to an indicator for the entire soil profile by weighing the results for the different horizons

based on the depth distribution of root length density (Left).

The Clay/SOC ratio is especially relevant for the topsoil, which
is assumed to be well mixed by tillage and natural structure
dynamics. It is ignored in the subsoil while attributes relevant
for root growth and water uptake need to be considered there.
The evaluation of the actual state, Îprod, quantifies the degree
of fulfillment of the soil’s potential Iprod (Equation 5) at a scale
between 0 and 1.

3.2. Water Storage
3.2.1. Potential

The storage function for water is considered here as an important
factor to retain precipitation water from fast transport toward
groundwater and surface waters. The importance for plant
production was considered in the context of the production
function. Water storage is directly related to the available pore
volume within the soil profile. Assuming an optimal bulk density
of 1.3 g/cm3 in the topsoil and 1.5 g/cm3 in the subsoil, this pore

volume can be estimated from soil texture along the soil profile.
Following the approach of Danner et al. (2003), the large pores
addressed by the air capacity contribute to water storage in flat
areas while on slopes >9% this pore volume is assumed to be
drained very fast. Hence, the potential for water storage in soil
(upper 100 cm) is estimated by

Iwater storage =
1

WCmax

∑

i

(FCtexture + a ACtexture) (1− Vs) di

(8)
where FCtexture [vol %] andACtexture [vol %] are field capacity and
air capacity at optimal pore volume, respectively, as estimated
from soil texture (Figure 4) for i soil layers and a = 1 − S/9 for
slopes S [%]<9% and a = 0 for steeper slopes where the term
including air capacity is omitted. Vs [vol %] is the volumetric
fraction of stones. WCmax = 450mm is the maximum water
capacity of a 1 m deep soil profile as referred to a loamy clay soil.
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FIGURE 3 | Possible scoring functions for manageable soil attributes to evaluate the actual state with respect to the production function. The Clay/SOC ratio marked

by * is only evaluated in the topsoil. Threshold values for optimal and critical states are given on the individual x-axis.

FIGURE 4 | Field capacity (Left) and air capacity (Right) as derived from soil textural classes according to the German soil classification (Ad-hoc-Arbeitsgruppe

Boden, 2005). The range of values from low (red) to high (green) assuming a bulk density of 1.3 g/cm3 is given in brackets.

3.2.2. Actual State

The estimation of the storage potential (Equation 8) implicitly
assumes that field capacity is in some optimum state depending
on soil texture. The actual state might be altered by soil
compaction and can be measured directly by soil porosity.
The degree of fulfillment of the water storage function is then
provided by

Îwater storage =
1∑
i di

∑

i

FCmeasured,i + a ACmeasured,i

FCtexture + a ACtexture
di (9)

in analogy to Equation (8) assuming a constant fraction of stones.

3.3. Carbon Storage
3.3.1. Potential

The potential of soils to store carbon depends on a variety
of pedogenic, biological, topographic and climatic properties.
In a recent review, the suitability of various factors (clay
mineralogy, specific surface area, metal oxides, Ca and Mg
cations, microorganisms, soil fauna, aggregation, texture, soil
type, natural vegetation, land use and management, topography,
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parent material and climate) as indicators for actual and potential
carbon storage in temperate agricultural soils was assessed with
regard to different spatial scales (Wiesmeier et al., 2019).

For an estimation of the SOC storage potential, different
approaches have been proposed related to the C saturation
of the fine mineral fraction (Hassink, 1997) as well as “data-
driven” and “model-driven” approaches (Barré et al., 2017; Chen
et al., 2019a). We follow the C saturation approach that was
frequently used to quantify the potential of (agricultural) soils
to store carbon (Angers et al., 2011; Chan, 2001; Carter et al.,
2003; Conant et al., 2003; Sparrow et al., 2006; Stewart et al.,
2008; Zhao et al., 2006; Wiesmeier et al., 2014a; Chen et al.,
2018, 2019b). This approach is based on the observation that
the amount of SOC in most soils in temperate environments
is strongly correlated with silt/clay contents (Arrouays et al.,
2006; Hassink, 1997), pointing toward the importance of organo-
mineral associations as quantitatively the most important SOC
stabilizationmechanism (von Lützow et al., 2006). The stabilizing
capacity of silt and clay-sized particles was used to delineate
regression models for the estimation of the SOC storage potential
related to the finemineral fraction of different soils, land uses and
climatic regions (Hassink, 1997; Six et al., 2002; Zhao et al., 2006;
Feng et al., 2013; Beare et al., 2014;Wiesmeier et al., 2015). As size
thresholds for the fine mineral fraction, both 20 and 50 µm were
proposed. It is important to note that the C saturation approach
only allows a quantification of the storage potential of C that is
temporarily stabilized in the fine fraction. The amount of (labile)
C in the coarse fraction which is controlled by actual C input
cannot be quantified. However, given the fact that agriculturally
used soils contain a relatively large proportion of stable C, the
C saturation approach can be regarded as a useful method to
quantify the C storage potential (Chen et al., 2019b; Beare et al.,
2014; Wiesmeier et al., 2014b). Among the different approaches,
the specific regression models proposed by Six et al. (2002) for
different land uses (cropland, grassland) and size ranges of the
fine mineral fraction (<20 µm, <50 µm) are most suitable for
our approach. Following this approach, the C storage potential of
topsoils under cropland (Cp [kg/m

2]) can be calculated by

Cp = (4.38+ 0.26 T) ρb d (1− Vs) (10)

or

Cp = (7.18+ 0.20 T) ρb d (1− Vs) (11)

where T is the percentage of particles <20µm [%] in
Equation (10) and of particles < 50µm in Equation (11). The
expression in the first brackets is the estimated C content [mg/g],
ρb is the bulk density [g/cm3], d is the thickness of the topsoil
[dm] and Vs is the volume of rock fragments >2mm [%]. As the
content of particles <20µm (medium silt, fine silt and clay) is
rarely reported in studies (although the information is available
in most common methods for soil texture determination), the
respective equations related to particles <50µm (total silt and
clay content) may be used alternatively—taking into account
the different classification approaches for silt. Following the
C saturation approach, the potential of soil to store stabilized
carbon is a direct function of soil texture. If the fraction of

FIGURE 5 | Storage potential ISOC for organic carbon is a direct function of

soil texture according to Equation (12).

particles <20µm is considered, we relate the Cp amount to the
theoretical maximum of 30.38 for T = 100 (Equation 10) and
calculate the storage potential ISOC as

ISOC =
1

30.38
(4.38+ 0.26T)(1− Vs) (12)

as illustrated in Figure 5.
Although the C saturation approach is a promising method

to estimate the C storage capacity of agricultural soils, there
are several limitations. To date, only C saturation of topsoils
was studied, neglecting the fact that subsoils store considerable
amounts of C and may contain a huge C storage potential (Lal,
2018; Rumpel and Kögel-Knabner, 2011). Studies are needed that
determine the potential C saturation of subsoils under different
land uses in a comprehensive way in order to derive a reliable
estimate of the C storage capacity of subsoils. The method was
further criticized as it does not allow a quantification of the total
SOC storage potential but only refers to the stable C in the fine
mineral fraction (Barré et al., 2017; Chen et al., 2018). Despite
these limitations, the C saturation concept seems to be suitable
to estimate the C storage potential at the plot scale with a limited
data set of widely available soil properties.

3.3.2. Actual State

The actual state of SOC can be quantified directly using

Cs =
∑

i

SOCi ρb,i di(1− Vs,i) (13)

where Cs [kg/m
2] is the stock of soil organic carbon, SOCi [mg/g

soil] its concentration in soil horizon i, ρb,i [g/cm
3] is the

bulk density, di [dm] is the thickness of the horizon and Vs,i

is the volume of rock fragments > 2mm [%]. This includes
the stable and the labile C fractions. As the quantification
of the stable fraction requires laborious and time-consuming
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soil fractionation, the amount of stable C can be estimated
by assuming it is a constant proportion of total SOC (Cs).
For temperate cropland soils, a proportion of stable C of
approximately 80% of total SOC was determined (Chen et al.,
2019b; Di et al., 2017; Wiesmeier et al., 2014b). The evaluation
of the actual state of C storage can thus be calculated by

ÎSOC =
0.8 Cs

Cp
(14)

to quantify the degree of fulfillment of the soil’s potential to store
organic carbon.

3.4. Nutrient Cycling
The provision of nutrients for plants and to fuel the ensemble
of biological processes in soil is one of the key functions of
soil. This is why “nutrient cycling” is almost always addressed
explicitly in today’s approaches of soil function evaluation
(Greiner et al., 2017; Bünemann et al., 2018). The most important
macronutrients are N, P, and S together with the cations K,
Ca, and Mg. The absolute quantity of nutrients in arable
soil is typically adjusted by fertilization, and the uptake by
plants and the immobilization through biological processes and
sorption are highly dynamic processes. Consequently, the actual
concentration of available nutrients is highly variable and, thus,
this concentration is difficult to interpret as an indicator for
the processes of nutrient cycling. We consider this function
to be mainly related to two different aspects: (i) the capacity
of soil to provide nutrients from the mineral and organic soil
resources in available form and (ii) the capacity to store mobile
nutrients within the root zone to avoid losses by leaching and
gaseous emissions.

The first aspect relates to the nutrient mobilization capacity,
the second to the nutrient buffering capacity. Both aspects
depend more on inherent soil properties such as texture, mineral
composition and temperature as well as dynamic soil properties
such as soil organic matter, soil water capacity, aeration and pH
rather than on the actual concentration of nutrients in the soil
solution. This is why nutrient concentrations are not part of the
list of indicators in Table 1.

The processes responsible for nutrient mobilization and
buffering are rather different for the various nutrients and cannot
be described adequately by some general function or set of
indicators. For example N, P, and S are mainly recycled from
soil organic matter by the activity of various soil organisms, and
the buffer capacity for these nutrients is mainly provided by the
dynamic mass of the soil biome. In contrast, cations are released
from the mineral phases along with slow weathering processes,
and the buffer capacity is brought about by the capacity of
sorption sites expressed by the cation exchange capacity (CEC),
which is closely related to soil texture and organic matter.

An evaluation of nutrient cycling, on one hand, needs to
address mineralization of soil organic matter and buffering of
nutrients by soil organisms. Both features can be directly linked
to the overall potential of soil to allow for biological activity
as a lumped effective description. This implicitly assumes that
the overwhelming diversity of soil biota provides the required

functional traits for mineralization and the dynamic adaption in
terms of active biomass. On the other hand, such an evaluation
needs to include the extent of mineral surfaces acting as
sorption sites.

All these features are implicitly included in the evaluation
of the production function described above. Hence, we suggest
that the soil’s potential for nutrient cycling is approximated by
Iprod (Equation 5) considering soil texture as an indicator for
the quality of soil as habitat for organisms and the availability
of water. In analogy, the soil’s actual state in terms of nutrient
cycling can be approximated by Îprod as a function of pH, organic
carbon, soil bulk density and soil air capacity. This accounts for
the general understanding that soil fertility (i.e., the production
function) and nutrient cycling are two sides of the same coin and
hardly separable.

3.5. Habitat for Biological Activity
Soil biota and their interactions are both directly and indirectly
responsible for delivering a number of soil functions, thus, the
provision of a habitat for biological activity is an important
prerequisite for other soil functions. We here perceive the
function “habitat for biological activity” as the provision of a
species (gene) pool that can buffer ecosystem functions against
species extinction (Hooper et al., 2005) and assume that systems
with low species diversity contain fewer species within each
functional group, and are thus more susceptible to losing entire
ecosystem functions (Bardgett andVanDer Putten, 2014). Hence,
the habitat function addresses the diversity in terms of species
and functions, which is in contrast to the biological activity in
terms of mineralization rate and nutrient buffering as discussed
in the previous section.

3.5.1. Potential

As with the other soil functions, the soil’s potential to harbor
a diverse community of soil biota depends on inherent soil
properties and site conditions listed in Table 1. Soil organisms
are affected by the local climate in terms of the local moisture
and temperature regime. This effect is both direct (e.g., on the
physiology) and indirect (e.g., by changes in carbon resources)
(Turbé et al., 2010). Latitudinal and altitudinal gradients of
biodiversity with increasing species richness toward the equator
and decreasing soil biodiversity with altitude are shown for some
soil faunal groups (Decaëns, 2010). Furthermore, soil texture
affects soil biodiversity with e.g., lower earthworm or microbial
biomasses in sandy soils (Turbé et al., 2010; Griffiths et al., 2016;
Aksoy et al., 2017).

3.5.2. Actual State

Land use and soil management practices are known to affect
soil faunal communities with different responses depending on
taxonomic or functional groups (Sánchez-Moreno et al., 2011;
van Capelle et al., 2012; Cluzeau et al., 2012). Agricultural
intensification was shown to decrease functional diversity or even
result in the loss of entire functional groups (Tsiafouli et al.,
2015). Abundance, species richness and diversity of soil biota
are affected by pH, bulk density and SOC content (see Table 1).
Species abundance and diversity can furthermore be affected by
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vegetation composition and diversity in grasslands (Sabais et al.,
2011) or the type of crop species in agriculture (Scheunemann
et al., 2015).

To evaluate the actual state of the habitat for biological
activity, soil biodiversity can be directly measured. Measures
of soil biodiversity include species richness, diversity indices
(e.g., shannon index, simpson index), the presence of keystone
species and functional diversity. This requires extensive fieldwork
and is done by a number of national monitoring programs, but
methods vary and standardized indicators are not available (see
Pulleman et al., 2012 for an overview of European approaches).
To standardize indicators for soil biodiversity monitoring across
Europe, the Envasso (ENVironmental ASsessment of Soil for
mOnitoring) project proposed a minimum set of indicators
comprising (a) earthworm diversity, abundance and biomass (or
enchytraeids if earthworms are absent), (b) springtail diversity
and abundance and c) microbial respiration (Huber et al., 2008;
Bispo et al., 2009). Additional measurements of the diversity
of macrofauna, mites, nematodes and microflora, as well as
microflora activity, are recommended (Huber et al., 2008). The
prediction and mapping of soil biodiversity based on inherent
and manageable soil and site attributes is considered as currently
not feasible by the LANDMARK project due to the lack of
indicators and specific reference values with respect to soil
types, climate and land use, as well as models (Staes et al.,
2018). However, there are some recent approaches to assess the
actual state of the habitat for biological activity based on, e.g.,
geographic location, soil pH, soil organic matter content, texture,
land use and climate (Aksoy et al., 2017; Rutgers et al., 2016, 2019)
or by using the QBS index (Qualità Biologica del Suolo), which
assumes that the habitat function of soils is reflected by a higher
number of microarthropods well adapted to soil habitats (Parisi
et al., 2005), in combination with SOC content and bulk density
(Calzolari et al., 2016).

According to our approach, comprehensive data on soil
biodiversity in dependence of site-specific characteristics are
needed to develop appropriate models and scoring functions
relating soil properties to biodiversity measures. As a basis
for model development, databases such as the soil zoological
information system Edaphobase (www.edaphobase.org)
(Burkhardt et al., 2014), which links data from collections,
scientific literature and reports to soil and site conditions, or
the Land Use/Cover Area frame statistical Survey Soil (LUCAS
Soil), which included soil biodiversity in its 2018 soil sampling
campaign (Orgiazzi et al., 2018), can be used.

4. EXAMPLE FROM A LONG-TERM FIELD
EXPERIMENT

As an example to demonstrate our approach, we evaluate the
production function, the C storage function and the water storage
function for a Chernozem soil at the agricultural long-term field
experiment in Bad Lauchstädt (51◦23′24.93′′N, 11◦52′49.93′′E).
This soil from Loess deposits over glacial drift belongs to the
most productive soils in Germany. The texture in the topsoil is
silt loam with 22.2% clay, 72.2% silt (6.9% fine, 23.3% medium,

42% coarse) and 5.6% sand which corresponds to the class Ut4 in
German soil classification (Ad-hoc-Arbeitsgruppe Boden, 2005).
The long-term field experiment with different levels of organic
and mineral fertilizers has been running since 1902, and we use
some of the experimental plots to evaluate the actual state of
the soil with respect to a number of manageable soil attributes
which have been measured in the past. The inherent soil and
site characteristics together with the manageable soil attributes
measured in 1 year (1998) for a selection of different experimental
plots are given in Table 2.

4.1. Production Function
There is no limitation for soil productivity based on the silty loam
texture (Figure 2) so that Isoil = 1. Bad Lauchstädt is located
in a relatively dry region of Germany with 8.9◦C annual mean
temperature and annual mean precipitation of 498mm. The
climatic water balance during the growth period (March-August)
according to Equation (2) is 228 mm 412mm = -194 mm (5 years
average for 2013–2017). Because of the high water capacity of
370mm, the water deficit (Equation 3) was positive (176mm),
meaning there is no water deficit, so that Iwater = 1. Hence, the
soil’s potential in terms of productivity was equal to unity and
herewith maximal. However, during the exceptionally dry year of
2018, the precipitation from March to August was reduced to 40
mm, ETP was increased to 435 mm and, consequently, the water
balance became negative (-25mm) so that Iwater = 0.9 according
to Figure 1. In fact, the yield of wheat in 2018 was decreased to
75% as compared to the 5-year average before.

The evaluation of the actual state for the different
experimental plots is restricted to the topsoil (0–25 cm) since
measurements were available only for this layer. Bulk density
is almost the same in all plots (1.4 g/cm3), which is somewhat
denser as compared to what was considered as optimum (1.3
g/cm3). Thus, the corresponding scoring function (Figure 3)
yields values for Iρb below unity. Because of the differences
in fertilization, the plots differ in SOC content, and this is
reflected by the scoring function (Figure 3) for the clay/SOC
ratio. This indicator ranges from 15.1 in the non-fertilized plot
to 9.5 in the fully fertilized plot (NPK /manure) so that the
optimum value, Iclay/SOC = 1 is reached only for the latter but
decreases according to the scoring function (Figure 3) to 0.68
for the non-fertilized plot. This suggests that the level of soil
organic matter is considered to be a limiting factor for biomass
production. The pH is within the optimum range for all plots so
that IpH = 1.

Finally, the overall evaluation of the actual state for the
different experimental plots is obtained by the harmonic mean
according to Equation (6). The resulting values for Îprod as
listed in Table 2 suggest that the fully fertilized plot is close
to its potential. In the non-fertilized plot, Iprod reaches 84%,
suggesting that the impact of SOC on crop yield is not very high.
Actually, the wheat yield was only 35% of the fully fertilized
plot. At first glance, this looks like a complete failure of our
indicator. However, this discrepancy is due to the fact that the
indicator assumes some “good agricultural practice” including
the provisioning of nutrients according to the expected yield.
The nitrogen level of soil, though highly important for yield,
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TABLE 2 | Inherent soil and site properties for the Chernozem in Bad Lauchstädt together with manageable soil attributes and related indicator values according to

Figure 3 for four experimental plots which received different amounts of fertilizers (NPK/manure) over a period of more than 100 years.

All manageable soil properties including yield of wheat were measured in 1 year (1998). In contrast to Table 1, only those attributes are included which are relevant for the three

considered functions and which were available.

is not considered in the evaluation of the soils’ status because
it is highly dynamic and can easily be adjusted by fertilization.
On the non-fertilized plot, no fertilizer was applied so that
the missing nitrogen especially led to a much more dramatic
decline in yield as compared to the indicator. In other words,
this suggests that we expect a decline in yield only to 84% if
this plot is fertilized according to common practice and that this
decline is mainly caused by the decrease in soil organic matter
as a consequence of the management during the past decades.
This seems to be plausible and, hence, we think that our concept
provides useful results.

4.2. C-storage Function
The potential of the Bad Lauchstädt soil for carbon storage
in association with fine particles is calculated to be 18.0 mg/g
(Equation 10). Due to the fraction of particles <20µm (52.4%),
this leads the relative potential of the Bad Lauchstädt soil to store
stable carbon to be ISOC = 0.59 (Equation 12). The actual state
for the different experimental plots fulfills this potential to very
different degrees reflecting the different fertilizing regimes.While
in the non-fertilized plot the potential for C storage is reached
only by a factor of 0.65 (Equation 14), it is considerably higher for
the plots that received either mineral fertilizer or manure (0.75
and 0.95, respectively) and is completely reached in the plot that
received mineral fertilizer plus manure (1.04). Again, it has to be
considered that the chosen approach quantifies the potential for
C stabilization associated with fine particles and not the total C
storage. Experimental results from Bad Lauchstädt show that C
storage in the plots with high addition of organic material is still
increasing (unpublished data).

4.3. Water Storage
As already mentioned for the production function, the bulk
density of all plots is somewhat higher as compared to the
suggested optimal value for this silt loam soil (1.3 g/cm3). Since
the field is not inclined, the water capacity was measured by the
total porosity calculated from the measured bulk density and
assuming a particle density of 2.65 g/cm3. Because of the elevated
bulk density, the score for water storage Iwater storage was slightly
below 1.0 for all plots.

5. DISCUSSION

5.1. General Concept
Our approach to evaluate soil functions is in line with other
concepts that have been developed during the last three decades
(Doran and Parkin, 1994; Karlen et al., 2003; Mueller et al.,
2007). One common line is the identification of suitable and
observable indicators that are related to the soil function to be
evaluated and to use such indicators as proxies for soil functions.
Another common feature is the use of scoring functions to
map indicator values to a dimensionless scale reflecting their
contribution with respect to the considered soil function, which
allows the combination of a variety of relevant indicators.

The approach suggested in this paper was motivated by the
wish to clearly distinguish between the intrinsic potential of
some soil to provide various soil functions and its actual state,
as recently suggested by Bünemann et al. (2018). This opens a
clear perspective to come up with local options for actions toward
sustainable management. This discrimination also leads to a clear
identification of different types of soil properties (i.e., inherent
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vs. manageable) and provides a clear structure of what needs
to be considered for modeling the dynamics of soil functions
in response to soil management. Another motivation was to
evaluate the various soil functions separately. In contrast to a
general soil quality index, this allows for a differentiated analysis
and a balancing between the different functions which are not
necessarily synergistic. Moreover, the focus on individual soil
functions can be based on more specific indicators so that the
choice of soil properties used as indicator variables to quantify
these functions can be more targeted.

At present, the proposed approach is in a conceptual stage and
not yet fully developed for the entire spectrum of soil functions.
For some of the soil functions it is not obvious what the most
sensitive indicators should be. This is true for nutrient cycling
having many different aspects (reactivity, sorption, buffering)
depending on which nutrients are considered. For the habitat
function, it is even not obvious what should be addressed, i.e.,
the diversity of the gene pool or the functional diversity of
organisms, let alone the suitable indicators that could provide
useful information. This is why we demonstrated the proposed
approach in more detail only for those soil functions for which
the current knowledge provides more solid grounds. It should
be noted, however, that the proposed parametrizations of the
various scoring functions are far from being rigorously tested
(if this will be ever possible). They merely reflect our current
understanding and certainly need to be adapted to different
climatic regions, cropping systems or even soil types. However,
this is not necessarily a shortcoming. In contrast, this provides
the required flexibility to optimize the general concept for local
applications. Overall, we believe that the proposed concept will be
useful in the future. Our knowledge on soil processes is steadily
growing, and this concept provides a framework where new
insight can easily be included.

5.2. Implications for Modeling
Besides the evaluation of soils’ potential and their actual state
with respect to different functions, it is one of the most critical
challenges in soil science today to understand the stability and
resilience of soil functions and how they change in response to
external forcing (e.g., through agriculture or climate change).
The change in the state of soil functions can be assessed by
evaluating time series of the related manageable attributes.
Another important aspect is to identify critical thresholds in
terms of forcing beyond which irreversible changes are expected.
This has been investigated for example for critical mechanical
loads that lead to irreversible soil compaction as a function of
some critical water content in dependence of soil texture (Keller
et al., 2012). Other examples, though less well understood, are
how to reduce soil compaction through adaption of tillage and
crop rotation or how to substantially increase stable soil organic
matter by suitable management practices.

The key question is, are we able to model the dynamics of soil
functions in response to external perturbations in quantitative
terms? The previous analysis of how to evaluate the soil functions
and especially their actual state provides a valuable basis for the
development of the required models. In Table 1, the relevant soil
attributes are listed for each soil function, separating inherent

soil properties and those which are sensitive to soil management.
Modeling the dynamics of an individual soil function needs to
address the dynamics of all manageable soil attributes (marked
green in Table 1) under the condition of the inherent soil
properties. This implies that any model approach needs to be
site-specific as, for example, the impact of tillage practices or the
application of manure is different for different soil types and soil
textures. Such a systemic model concept was recently suggested
by Vogel et al. (2018).

An illustrative example is the dynamics of soil organic matter.
Tomodel the change in SOC stocks in response to somemeasures
of soil management such as the quantity and quality of C inputs
or the choice of the tillage system it is not sufficient to know
the actual carbon content and the actual carbon saturation
(Equation 14). Based on our current understanding and indicated
in Table 1, we also need to address soil structural properties and
their temporal dynamics induced by bioturbation and tillage.
Earthworms enclose organic matter within relatively compacted
casts, and in doing so, they protect organic matter from rapid
decomposition and bring it in close connection to mineral
surfaces for increased stabilization. In contrast, soil tillage tends
to break open existing structures and expose stable carbon to
further decomposition. Such feedback processes are currently
not considered in classical soil carbon models (Dignac et al.,
2017). For the other soil functions, the required modeling of their
dynamics can be done analogously while the blueprint which soil
attributes need to be considered is provided by the analysis of
how to evaluate the soil’s potential and its current state. This may
open the possibility to come up with a scientifically sound impact
assessment for selected practices of agricultural soil management
with respect to individual soil functions.

For the evaluation of soil functions, process-oriented
modeling would allow for a more direct assessment. For example,
production can be estimated based on various crop growth
models (Martre et al., 2015) so that the soils’ actual state with
respect to the production function could be quantified in absolute
values of yield. Moreover, the soils’ potential could be defined by
choosing some optimal values for all the manageable properties
and modeling crop yields for an ensemble of representative
weather scenarios. One advantage of such a modeling approach
is that the models can be calibrated on available data sets from
Long Term Field Sites, including the not optimally fertilized
sites as in the example of Bad Lauchstädt. Another perspective
is that the model results can be used as a quantitative base for
the formulation of appropriate, crop- and site-specific scoring
functions. A major deficiency is that the required systemic
models including the required dynamics and feedbacks of soil
processes and properties are not yet available (Vogel et al., 2018).

5.3. Data Requirements
Once the required set of indicators and suitable scoring schemes
for the evaluation of the single soil functions are identified, a
crucial question is where to get the required data. The evaluation
of soils potential for the various soil functions is based on
inherent soil properties and site conditions (Table 1), which are
typically available from classical soil profile descriptions and from
meteorological data bases. The evaluation of the soils actual state
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is in most cases a local problem, and a typical question of farmers
is, what is the state of my field with respect to its potential?
In addition to the inherent soil properties, this evaluation is
based on soil attributes that are affected by soil management,
which needs to be addressed locally. In principle, this can be
done at each location; however, it would be helpful to develop
standardized protocols for both lab and field measurements
or estimations of texture, bulk density, macro porosity, pH,
SOC, biodiversity and abundance of organisms (Schindelbeck
et al., 2008). Ideally, this type of analysis should be doable
by each farmer on his field. For some properties, as e.g., the
characterization of soil structure in the field, no clear protocols
exist at all (Rabot et al., 2018) and new approaches are required
along these lines. In principle, however, the estimation of all
attributes that are suggested here to evaluate the actual state of
soil with respect to the different functions is possible. In doing so,
it is possible to directly identify which soil function is critically
below its optimum and, moreover, which are the soil attributes
that could be improved by appropriate soil management to most
efficiently improve this function. For example, the production
function of the soil in Bad Lauchstädt could be increased
by decreasing the soil bulk density in the fully fertilized plot
and by increasing the soil organic matter content in the non-
fertilized plot. Another advantage of the assessment of the
individual soil functions is that decision makers can make site-
specific decisions on which soil function is most valuable to be
optimized, i.e., whether optimization is aimed at productivity,
nitrate reduction in groundwater, carbon storage or the quality
of soil as habitat for organisms.

For some applications, the evaluation of soils potentials is
required at the scale of landscapes, for example to support
decision-making in landscape planning and to address the
question of which soil function we lose when abandoning soils
in a certain area in favor of some other purpose. In this case,
the information on inherent soil properties (marked yellow in
Table 1) should ideally be obtained from soil maps. However,
available soil maps typically provide some characteristic soil
types for each mapping unit and, hence, provide somewhat
fuzzy information for specific locations. A rough estimation
of the spatial distribution of soil functions within landscapes
should nonetheless be possible. In any case, the proposed
approach allows translating the uncertainties in soil information
to uncertainties in the evaluation of soil functions. For example,
if we know the confidence limits of soil texture analysis this
can be directly translated to confidence limits for C storage
potential (Equation 12), water storage (Equation 8) or the rating
of the production function (Equation 4). This also demonstrates
the advantage of continuous scoring functions as compared to
discrete classified scores.

To further develop scoring functions and to validate concepts
to evaluate soil functions, highly valuable data are provided by
long-term agricultural field experiments and other long-term soil
monitoring sites. They also allow evaluating the dynamics of
the state of soil functions in response to soil management and
variations in climate.

6. CONCLUSIONS

Building upon existing concepts for the evaluation of soil
functions, we propose an approach to quantitatively evaluate soil
functions while separating the intrinsic potential of soil and its
actual state. This is done for each function separately so that
the different contributions of a given soil to the individual soil
functions can be accounted for. The concept is demonstrated
for those functions where appropriate indicator variables are
already well established (i.e., production, C storage and water
storage). While the concept of using dimensionless scoring
functions seems to be generally useful, we conclude that the
parametrization of these functions needs more comprehensive
data bases, especially since it needs to be sensitive to site
conditions, crops and cropping systems. There are indicator
variables such as soil structure including its stability and
temporal dynamics, which are known to be essential for
various soil functions but difficult to quantify. For other
important soil functions the formulation of evaluation schemes
still needs to be done. This is true for nutrient cycling
due to the complexity of interacting processes and for the
habitat function, which is still not clearly defined, and suitable
indicators are missing. However, we believe that the presented
approach is generally useful and can provide valuable input
to modeling soil functions since it provides a blueprint of the
type of soil variables and their interactions, which should be
represented by some systemic modeling of the dynamics of
soil functions.
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