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Abstract Assessment of soil health requires complex
evaluation of properties and functions responsible for a
broad range of ecosystem services. Numerous soil quality
indices (SQI) have been suggested for the evaluation of
specific groups of soil functions, but comparison of various
SQI is impossible because they are based on a combination
of specific soil properties. To avoid this problem, we
suggest an SQI-area approach based on the comparison of
the areas on a radar diagram of a combination of chemical,
biological and physical properties. The new approach is
independent of the SQI principle and allows rapid and
simple comparison of parameter groups and soils. Another
approach analyzing the resistance and sensitivity of
properties to degradation is suggested for a detailed
evaluation of soil health. The resistance and sensitivity
of soil properties are determined through comparison with
the decrease of soil organic carbon (SOC) as a universal
parameter responsible for many functions. The SQI-area
and resistance/sensitivity approaches were tested based on
the recovery of Phaeozems and Chernozems chronose-
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quences after the abandonment of agricultural soils. Both
the SQI-area and the resistance/sensitivity approaches are
useful for basic and applied research, and for decision-
makers to evaluate land-use practices and measure the
degree of soil degradation.
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dation, soil health, soil management, soil organic matter

1 Introduction

Soils are a fundamental part of the biosphere and
contribute essentially to cycles of all biophilic elements,
ecosystem productivity and stability, and are thus the
cradle of life on our planet. Soil health, also referred to as
soil quality''!, is therefore commonly defined very broadly
as “the capacity of a soil to function within ecosystem and
land-use boundaries to sustain biological productivity,
maintain environmental quality, and promote plant and
animal health”>*]. This definition reflects many linkages
between soil functions and soil-based ecosystem services.
As these soil functions are crucial for ecosystem services,
scientific and practical tools are necessary to evaluate soil
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health. Human activities and climate change alter the
environment and their cumulative impacts will determine
the future health of biomes and soils™”/.

Soils have an extremely broad range of functions related
to climate, hydrology, biodiversity, food security, land
restoration and human health!-*7). The functions of
natural soils are commonly much more diverse than
those of agricultural ones because humans optimize only
one function, namely crop production™ by converting
natural ecosystems to agroecosystems!’). Disregarding
other functions (e.g., biodiversity, cycles of water and
elements, decomposition and sorption of pollutants) while
focusing on only one unavoidably leads to soil degrada-
tion'). Therefore, most agricultural soils are degraded
compared to their natural ancestors!'”). Thus, we define
soil degradation as a reduction of functions or intensity of
functionality as compared to functions under natural
conditions!”). The main questions of this paper are how
to assess soil degradation especially considering multi-
functionality, and so, what are the approaches to evaluate
soil health and its contribution to the stability of (agro)
ecosystems?

The evaluation of soil fertility is comparatively simple in
contrast to soil health and is based on the productivity of
crops. However, this soil fertility view is also focused on
only one function, crop productivity, and disregards the
whole range of other functions: the multifunctionality.
Various approaches for evaluation of soil degradation,
quality and health have been suggested to overcome this
limitation!'. Most of these approaches are based on the
combinations of few chemical, physical and biological soil
properties with or without weighting factors and will be
termed soil quality index (SQI). In addition to the (partly
subjective) selection of the soil properties considered in
such a SQI, two main disadvantages limit their applic-
ability: (1) the comparison of various SQI between studies
is very difficult, and partly impossible because diverse soil
parameters and weighting factors are applied, and (2) the
sensitivity of individual parameters to soil degradation
depends on the degradation direction (chemical, physical
and biological), specific degradation factors (e.g., exces-
sive fertilization, high mechanical loading and chemical
pollution) and degradation types (e.g., compaction,
aggregate destruction, acidification and erosion). Indivi-
dual chemical, physical and biological properties therefore
become various weights in the final SQI scores.

Here, we suggest, explain and apply two approaches to
overcome these SQI disadvantages. The first approach, the
SQI-area approach, is based on the comparison of the area
on a radar diagram which is produced by all soil
parameters contributing to the SQI. The second approach,
the resistance-sensitivity approach, reflects the sensitivity
of the individual soil parameters to degradation as related
to the decrease of organic carbon content.

2 Calculating SQl-area to compare
approaches

The SQIl-area approach is based on a comparison of the
area inside of the radar chart produced from the group of
individual soil parameters contributing with any weighting
(in most cases without weighting or linear weighting!'"*'?)
to the SQI (Fig. 1). Each individual soil parameter should
be standardized to unity (1.0) for non-degraded soil (in
most cases a natural ancestor or analog soil)t!%-13-14]

(Eq. (1))
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where stP; is standardized parameter i, P, and P, are the
values of the parameter in the degraded and natural (non-
degraded) soils, respectively. Such standardization ensures
the comparison of any SQI consisting from any number of
parameters. Based on the standardized parameters, the
radar diagram can be built for both the non-degraded
(natural) soil (all values are maximum, Fig.1) and the
degraded soil. The comparison (e.g., the ratio) of the area
covered by both soils reflects the overall intensity of
degradation. The corresponding area (dreasg;) will be
equal to the sum of individual triangles comprising the
whole figure:
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Areagy; = 05" stP?-sin (—”) @)

n

where 7 is the number of parameters used for the SQI, and
n (3.14).

Despite the total area depending slightly on the number
of parameters involved in the SQI calculation, the ratio of
arecas between degraded and non-degraded soils is
independent. The ratio between the sum of all triangle
areas in the degraded soil to the area covered by all
parameters for natural or undisturbed soil will reflect the
overall degradation intensity (Fig. 1).

Due to most of soil parameters decreasing with
degradation, it is simple to calculate their standardized
values based on undisturbed soil and then to compare the
relative decrease in the parameters in the degraded or
intensively used soil (the principle: more is better"™)). For
those parameters increasing with soil degradation (e.g.,
bulk density), the opposite should be used, i.e., minimum
value should be assigned to undisturbed natural soil (less is
better), and the increased value will be compared. For the
parameters, which have an optimal value for most of the
soil functions (e.g., pH, water and air permeabilities,
hydrophobicity), the difference from the optimum should
be used.

The advantages of this area-based (SQI-area) approach
are:
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Fig. 1 The soil quality index area (SQI-area) approach suitable
for unifying evaluation of any number of soil parameters and to
compare various SQI methods. A decrease in the area on the radar
plot between a non-degraded and a degraded soil is necessary. The
ratio between the SQI area of non-degraded and degraded soils is
independent of the number of parameters and the weightings
involved in the calculation of the area. Chemical soil parameters
are indicated in blue, physical in red, and biological in green. SOC,
soil organic carbon content; TN, total nitrogen content; Avail P,
available phosphorus; CEC, cation exchange capacity; WHC,
water holding capacity; Density, soil bulk density; MaAgg,
macroaggregates; Depth, depth of Ah/Ap + B horizons; CO,,
CO, efflux from soil; MBC, microbial biomass carbon content;
Nemat, nematodes; and EarthW, earthworms. The ratio of the areas
of degraded to non-degraded SQI in this example is 0.47, reflecting
that on average half of the properties and functions are lost by
degradation. Note that the values on the degraded soil plot are
arbitrary (not experimental); for examples of experimental data see
the references! ',

e Independence of the results (degradation evaluation)
from the number of soil parameters involved in the SQI
calculation. Despite individual areas being slightly depen-
dent on the parameter numbers the ratio between areas of
degraded and non-degraded soils is independent. Various
SQI (calculated by different principles and considering
various number of parameters) can therefore be easily
compared between studies.

e Comparison with non-degraded soil is required (see
the disadvantages given below). This gives a clear
overview of how strong the summary of all functions
decreased, and thus, the strength of the overall degradation.

e The SQI-area approach provides simple comparison
of the efficiency of various soil types or land-use practices.

e The approach simplifies the evaluation of the relative
sensitivity and resistance of individual soil parameters to
degradation and informs about which soil properties we
should be aware of first during new management practices.
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Thus, according to the theoretical example in Fig. 1,
macroaggregates, CO,, nematodes and earthworms are
especially sensitive (maximum decrease; commonly bio-
logical properties, see below) to soil degradation. In
contrast, available phosphorus and soil depth are resistant
(minimum decrease; commonly the physical properties) to
degradation.

e It is simple to compare the decrease between the
groups of soil properties (i.e., chemical, physical and
biological; indicated in various colors in Fig. 1).

e [t is irrelevant in which units the parameters are
measured (such as g-kg' and Mg-ha™) because all
parameters are standardized with the same parameter in
undisturbed soil.

o [f the thresholds of complete degradation are known,
it is easy to recognize how close the soil is to complete or
irreversible degradation. This allows the definition of
degradation classes, the thresholds between them, and no-
return points after which the soils cannot be recovered
(irreversible degradation).

e Effects of restoration practices and soil recovery on
individual properties can be easily evaluated (see below).
Thus, the soil progradation, improvement of the properties
(reverse of degradation), can be assessed.

e Finally, the SQI-area approach provides a useful
visualization and estimation of the decrease in individual
parameters.

There is lack of clarity with the application of the SQI-
area approach in the case of soil progradation: if the SQI-
area for native soil is less than that for agriculturally used
(e.g., Fig. 2(b) and Fig. 3, Chernozem 29 years). If the SQI-
area of the agriculturally used soil is larger than 1.0, then
its functionality is larger or broader than that of the native
analog.

The key disadvantage of this SQI-area approach is that
the non-degraded or natural soil is necessary for
standardization. This limitation, however, is the same for
all other SQI approaches!'!. Another minor limitation is the
necessity to prepare such SQI calculation and visualization
of each soil depth or horizon, if soil quality should be
estimated not only for the topsoil.

In contrast to some other SQI produced based on
principal component, redundancy or discriminant analy-
sis'®l, the SQI-area approach does not allow the assess-
ment of the multicollinearity of individual parameters. As
with most other SQI approaches, the cultivation time is not
considered by the SQI-area approach, and thus, the
intensity and duration of individual degradation processes
cannot be evaluated. Given that soil properties react
to degradation at specific rates (see Kuzyakov and
Zamanian'”!, de Bruyn and Abbey!'”) the sensitivity of
individual parameters to degradation should be considered.

To present experimental application of the SQI-area
approach we selected the data from two soil restoration
chronosequences during long-term abandonment of
degraded agricultural soils under deciduous forest (Luvic
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Fig. 2 The Soil Quality Index area (SQI-area) approach presented on examples of two chronosequences of recovery of agricultural soils
after abandonment and natural succession under deciduous forest: Luvic Phaecozem (a); and under dry steppe: Calcic Chernozem (b) (data
from Ovsepyan et al.[m]). The arable, young, middle, mature and non-degraded soils represent the recovery stage. The number close to the
recovery stage shows the years of abandonment reflecting the recovery period. The measured soil properties are: SOC, soil organic carbon;
TN, total nitrogen; Free LF, free light fraction (p < 1.6 g-cm 3); Occl.LF, occluded light fraction (p < 2.0 g-cm 3); Mineral-SOM, heavy

Occl.LF

fraction (p > 2.0 g-cm73); WHC, water holding capacity; Basal CO,, basal respiration; Cmic, microbial biomass carbon.

Phaeozem) and under dry steppe (Calcic Chernozem)!'”’
(Fig.2). The data clearly show much stronger degradation
of the Phacozem than the Chernozem under agricultural
use over several hundred years. The SQI-area of the
degraded Phacozem (> 150 years under agricultural use)
increased from 0.22 to 1.0 of the natural Phaecozem over 70
years (Fig.2). In contrast, the SQI-area of the degraded
Chernozem ( > 200 years under agricultural use) retained
its functions at 39% (SQI-area= 0.39) and had already
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Fig. 3 Development of Soil Quality Index area (SQI-area)
during recovery of agricultural soils after abandonment and
natural succession under deciduous forest: Luvic Phacozem; and
under dry steppe: Calcic Chernozem!'®!. The area and the
parameters are presented in Fig. 2.

recovered after 20 years (Fig.3). These radar diagrams
indirectly reflect the most sensitive (basal respiration, free
light fraction in Phaeozems) and resistant (bulk density,
water holding capacity) parameters according to their
decrease compared to non-degraded soils (Fig. 2).

3 Sensitivity and resistance of soil
parameters to degradation

Sensitivity and resistance of soil parameters to degradation
reflect how strongly or weakly, respectively, the individual
parameters change (in the most cases decrease) with
degradation. Despite the simple definition the main
problem is to fix the thresholds, where the resistance
ends and the sensitivity starts. Consequently, a comparison
between soil properties is necessary.

We suggest using SOC content as a universal reference
soil property!'*! for four reasons. (1) SOC is sensitive to
agricultural use and most forms of soil degradation.
(2) SOC content defines various other physical, chemical
and biological properties. (3) It is closely correlated to
many properties (nutrient stocks and availability, bulk
density and aggregation, CEC and sorption capacity, e.g.,
heavy metals and pesticides, and porosity). SOC is
therefore effectively a master soil property”). (4) SOC
has been used in most previous SQIM'. Accordingly, all
parameters for which the sensitivity and resistance should
be evaluated will be presented orthogonal to the changes
(decreases in the most degradation cases) of SOC (Fig. 4).
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Fig. 4 Concept and evaluation principle of sensitivity and
resistance of soil parameters to degradation or land-use change
based on the comparison with soil organic carbon (SOC) content
changes. Adapted from Guillaume et al.l'*], with permission from
Elsevier. Soil properties can decrease proportionally with the
decrease of SOC content (identity line, 1:1), or be resistant (above
the identity line, 1:1) or sensitive (below the identity line, 1:1)
compared to the SOC. The sensitivity or resistance of a property is
either independent of SOC loss intensity (dashed lines) or
dependent on SOC loss intensity (dotted lines). All properties
are standardized to non-degraded reference soil (1.0, see Eq. (1))
and can decrease to 0. For soil properties (Y scale), any soil
parameters (e.g., involved in the calculation of SQI) can be used.
Usually, (micro)biological properties are more sensitive and
physical properties are more resistant to soil degradation.

If the property decreases proportionally to the SOC
decrease (identity line on Fig. 4), it has the same sensitivity
and resistance as the SOC. If the changes are faster than
that of SOC (dashed line below the identity line), this
property is sensitive, or if slower (above the identity line),
the property is resistant to the degradation compared to
SOC.

The dashed and dotted lines (Fig. 4) present specifics of
the decrease in various soil parameters. Some degradation
resistant parameters can remain in soil even if the SOC is
substantially decreased or completely removed. These
parameters include total phosphorus content, CEC, clay
content and water retention, i.e., mainly the parameters
related to parent materials. The other degradation sensitive
parameters will reach levels close to zero before SOC is
completely lost, e.g., microbial biomass, dissolved organic
matter, activities of most enzymes and basal respiration,
i.e., mainly the (micro)biological parameterst'*'*'?1. Both
groups of parameters, remaining in soil after SOC is
completely lost or reaching zero before SOC is completely
lost, are presented with dashed lines (Fig. 4). In contrast,
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some other parameters, despite sensitivity or resistance, are
also reaching zero or are declining to the parent rock level
only if SOC is lost completely (dotted lines on the Fig. 4).
These parameters include total N content, macroaggre-
gates, organo-mineral fractions and others. However, the
sensitivity or resistance of soil properties does not reflect
their resilience. Therefore, as SOC is responsible for a
broad range of soil properties and functions, the compar-
ison of any parameter with the SOC decrease by
degradation, reflects its sensitivity or resistance.
Experimental applications of this approach using the
same data as in Fig.2!'” give excellent separation of the
sensitive and resistant soil properties for the recovery
chronosequence of Phacozems, but not very well for the
Chernozems (Fig.5). Basal respiration and free light
fraction of organic matter (p < 1.6 g-cm°) were sensitive
by Phaeozem recovery. Bulk density, water holding
capacity (WHC), microbial biomass C (Cmic) and total
N (TN) were resistant to recovery (Fig.5(a)). Water
holding capacity and bulk density remained resistant
parameters by the Chernozem recovery. The response of
other parameters by Chernozem recovery was not clear

(Fig. 5(b)).

4 Conclusions

Evaluation of soil health, i.e., its multifunctionality and
ability to provide a broad range of ecosystem services,
remains challenging as no universal SQI have been
developed and likely cannot be generated. The absence
of universal SQI is connected with the fact that each
quality indicator is specific and is aimed at a limited
number of certain soil functions. To unify the application
of various SQI, we suggest a universal approach based on
the area of the radar plots considering any number of
parameters contributing to the SQI. The area covered by
parameters in degraded soil will be related to the non-
degraded (natural) reference soil and the overall decrease
in all properties or functions will be calculated. In the
absence of a reference, various soils with increasing
degradation levels can be compared using the same
approach.

The sensitivity and resistance of any soil parameter can
easily be evaluated based on the comparison of its decrease
relative to the decrease of SOC content. Considering
previous studies, we conclude that the most physical soil
parameters are usually more resistant, and most biological
parameters are more sensitive to degradation compared to
SOC content. This sensitivity-resistance approach can be
well used also to compare the relative sensitivity of various
soils to degradation. Both approaches, the SQI-area and the
sensitivity-resistance can be well used not only for basic
and applied research questions, but also are attractive to
decision-makers as they provide simple and unified
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Fig. 5 Experimental evaluation of sensitivity and resistance of soil parameters to degradation or land-use change based on the
comparison with changes of soil organic carbon (SOC) content during recovery of agricultural soils after abandonment and natural
succession under deciduous forest: Luvic Phacozem (a); and under dry steppe: Calcic Chernozem (b) (data from Ovsepyan et al.[m]). The
green arrows reflect the direction of development of SOC and all soil parameters during recovery. For detailed explanations see Fig. 4. The

sensitive and resistant parameters are presented for each soil.

options to evaluate the land-use practices and measures
against soil degradation, and thus, soil health.
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