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Abstract. It is well established that soil compaction affects the growth and functioning of
roots and disrupts the activity of microfauna and soil microorganisms, resulting in a loss of
yields. Agriculture and forestry using increasingly heavy machines, the risk of soil compaction
is increasing accordingly. Chosen as indicator of the susceptibility of soils to compaction, the
precompression stress (Pc) is calculated using the pedotransfer functions (PTFs) proposed by
Horn & Fleige (2003). These PTFs involve eight parameters linked to the hydraulic and me-
chanical behaviour of soils: organic matter content, bulk density, air capacity, available and
non-plant available water capacity, saturated hydraulic conductivity, cohesion and angle of in-
ternal friction. The challenge consists in producing Pc maps at the regional scale for Wallonia.
Those maps should also be accompanied by estimation uncertainty map. Finally, the results
should be exploited to produce compaction risk maps according to various frequent scenarios.
In this paper, a methodology is proposed, combining geostatistics and Monte Carlo simulations,
to achieve these goals.
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1 Introduction

As a matter of fact, agriculture and forestry machines have dramatically increased their size
and weight during the last 20 years. This does not remain without consequences for the soils:
there is increasing evidence of soil compaction at large scale. Soil compaction is proven to have
effects on crop production (Hakansson & Reeder, 1994; Hamza & Anderson, 2005; Greacen &
Sands, 1980; Goutal, 2012), soil structure (Soane & van Ouwerkerk, 1995; Batey & McKenzie,
2006; Frey et al., 2009; Lipiec et al., 2012), and soil hydraulic properties (Jones et al., 2003).

Considering the importance of these negative effects, the EU Commission listed soil com-
paction as a major threat in the Soil Framework Directive (COM, 2006). In Wallonia, the public
authorities have decided to quantify and spatialize the phenomenon in order to produce adequate
recommendations for soil quality conservation.

In order to avoid costly sampling campaigns and to produce the results in the shortest pos-
sible timelapse, the study was required to rely exclusively on existing data sets. The challenge
thus consisted in combining data with heterogeneous spatial abundance and to take into account
and propagate in the model the corresponding uncertainties.

The methodology is explained in Section 2 and some results are shown in Section 3.
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Table 1: Pedotransfer functions established by Horn & Fleige (2003) to compute the precom-
pression stress for different soil textures at pF 1.8.

Textural classes | Symbol Pedotransfer function r
1 Sand S Pcig = 438.10X1 — 0.0008(X8;5)° — 3.14X4 — | 0.778
0.11(X3;8)> —465.60
2 | Sandy loess LS | Pcig = 16930X1 — 29.03x6°° + 6.45X5 + | 0.828
32.18l0og(X718) — 9.44X8;3 + 27.25sin(X4) +
119.74l0g(X313) + 19.51
3 Loess L Pcig =374.15X1—4.10X6+3.38X2; 3 — 1.58(X5) %> + | 0.765
1.79X7, 8 + 1.09X4 — 6.37(X815)"%7 + 0.088(X35)> —
472.77
4| Clay(<35%) | ALA1 | log(Pcig) = 0.843X1 — 0.544(X5)%% — 0.022X4 + | 0.808
and clayed 7.03(X718)"" +0.024X8; g — 0.015X3; g +0.725
loess
5| Clay (>35%) | ALA2 | Pcig = 4.59X1 — 1.02X6 — 16.43(X5)°% + 0.31X4 — | 0.774
and clayed 1.57X3, 3 +3.55X7, g+ 1.18X8; g — 18.03
loess
2 Method

2.1 General framework

The vulnerability of soils to compaction is usually expressed as the risk to exceed a certain level
of stress called the precompression stress (Pc). Being a measure of pressure, Pc is expressed
in kPa. Horn & Fleige (2003) proposed pedotransfer functions (PTFs) to evaluate Pc at 40 cm
depth. They defined multiple regression equations for 5 different textural groups based on the
German soil texture classification (Table 1).

As Pc also depends on the moisture content of the soils, Horn & Fleige (2003) computed
the PTFs for two water potentials: pF 1.8 (h =-63 cm or -6.2 kPa) and 2.5 (h =-316 cm or -31
kPa). For the sake of conciseness, we focus here only on the results for pF 1.8.

In those PTFs, eight parameters linked to the hydraulic and mechanical behaviour of soils
are involved: organic matter content (X6), bulk density (X1), air capacity (X2), available (X3)
and non-plant available (X4) water capacity, saturated hydraulic conductivity (X5), cohesion
(X7) and internal friction angle (X8). Figure 1 depicts the way those variables are computed
from the data bases.

2.2 Data sources

The data sources used in this study are the following ones:

e The Aardewerk data base (Van Orshoven et al., 1988) contains data for the organic carbon
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Figure 1: Model organigram. In green, the databases; in blue, the references for the equations.
Variables with number X1 to X8 are the input variables for the PTFs of Horn & Fleige (2003).

content and the texture fractions (% sand, silt and clay) for more than 5000 soil profiles
spread all over the Walloon Region. those data were used to compute the bulk density
(XT) through the PTF of Hollis ef al. (2012), the organic matter content through the PTF
of Nelson & Sommers (1996) and the texture classes involved in the selection of the

values for the hydraulic and mechanical parameters, as well as in the choice of the PTF
of Horn & Fleige (2003).

e The HYPRES data base (Wdsten, 2000) yields values for the hydraulic parameters X2 to
X6 for 5 FAO soil classes.

e The table of Horn & Fleige (2003, table 2, p. 91) gives the appropriate values for the
cohesion (X7) and internal friction angle (X8) according to the German soil classification.

e Landuse classes required by the PTF of Hollis et al. (2012) used for computing the bulk
density are avalaible in the Walloon landuse map (COSW, 2013).

e The soil texture class map is a layer extracted from the Digital soil map of Wallonia
(CNSW, 2013).



2.3 Generation of the Pc maps

As one goal of this study is to produce exhaustive maps of Pc at the regional scale, two strategies
may be implemented. In the first one, the PTF of Horn & Fleige (2003) are applied at each data
location and Pc is then interpolated over a regular grid covering the Walloon Region. As an
alternative, the input variables may be interpolated first and the PTFs then computed at every
grid node. As advised by Heuvelink & Pebesma (1999), the second strategy will be favoured
since it allows to better take advantage of the spatial structure of the variables.

The resolution of the regular grid set up for drawing the maps is 100 m in both the North-
South and East-West directions.

As it is required not only to draw a map of the average Pc values but also quantify the
unertainty on this estimation and compute exceedance risk maps, geostatistical and Monte Carlo
simulation methods have been used.

2.3.1 Simulation of the bulk density and organic matter content

For bulk density (X1) and organic matter content (X6), before applying the PTF of Hollis et al.
(2012) and Nelson & Sommers (1996), respectively, maps of the organic carbon content (OCC)
were simulated by sequential gaussian simulations (SGS, Goovaerts, 1997) conditioned to the
Aardewerk data. Local mean of the raw Occ values was first removed using a moving window
average method, with a 10 km circular window. Residuals were then transformed in order to
obtain a Gaussian distribution using a normal score transform (Goovaerts, 1997). The exper-
imental variogram was computed on the transformed residuals and fitted with a model with a
nugget effect equal to 0.65 and an exponential structure with a sill of 0.38 and a range of 3050
m. One hundred maps of OCC residuals were simulated by SGS. Simulated values were then
backtransformed and the regional trend added to obtain the final OCC simulated values.

2.3.2 Simulation of the hydraulic parameters

For the hydraulic parameters (X2-X4), mean values and variances are available for 5 FAO soil
classes in the HYPRES data base (Wosten, 2000), thus defining Gaussian distributions. A
Monte Carlo simulation process is set up with the following steps:

1. A random number p is drawn in a uniform distribution.

2. For each FAO soil class, the p-quantile on the Gaussian distribution with corresponding
mean and variance is computed to obtain the water contents (i) at saturation 6, (pF=0),
(i1) at field capacity 0.4, (pF=1.8), and (ii1) at permanent wilting point 6,,, (pF=4.2).

3. If necessary, a correction is applied to respect the minimum and maximum values spec-
ified in the HYPRES data base by resetting the values out of the bounds to the nearest
bound.



4. Variables X2 to X4 are then computed by

eavail = 100 x (ecap - ewp) (1)
enotavail = 100 x ewp ()
cair = 100x (esat - ecap) 3)

5. The values computed at step 4 are assigned to all the grid nodes sharing the same soil
class.

6. Steps 1 to 5 are repeated 100 times, generating 100 maps for the hydraulic parameters.

A similar procedure is applied for simulating the saturated hydraulic conductivity (X5). The
empirical distributions contained in the HYPRES data base for this variable are used to draw
the values at step 2. The resulting values are in cm/day units and must be transformed using

K! = 1000 x 4)

S
3600 x 24
in order to match the units in 0.001 cm/sec. required by Horn & Fleige (2003).

2.3.3 Simulation of the mechanical parameters

Minimum and maximum values for parameters X7 and X8 are given in Horn & Fleige (2003,
table 2, p. 91). For each of the 100 realizations, the same procedure as explained at Section
2.3.2 was used. At step 2, as no additional information about the distribution of the values
was available, a uniform distribution having the given minimum and maximum as bounds was
considered.

2.4 Additional problems

As can be seen from the above explanations, soil texture fractions and soil texture classes are
important parameters at each step of the process. On one hand, to apply the PTF of Hollis ez al.
(2012) to compute bulk density, the texture fractions are needed. On the other hand, texture
classes are required to choose the adequate PTF of Horn & Fleige (2003) and the right distribu-
tions for the hydraulic and mechanical parameters. This section details how those parameters
are obtained.

2.4.1 Texture fractions

Texture fractions, i.e. sand, silt and clay percentages, are simulated independently using the
same approach as the one described at Section 2.3.1 using the texture fraction measures avail-
able in the Aardewerk data base. The variogram models all have a nugget effect of resp. 0.56,
0.66 and 0.68, and an exponential structure with a range of 5000 m and a sill equal to 0.36,
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0.32 and 0.32 resp. for sand, silt and clay. In order to respect to sum to 100% constraint, the
simulated values for the three fraction are renormalized at each grid node. This type of variable
submitted to a constant sum constraint are called compositional data (Aitchison, 1986, 1997). In
the literature, various methods are proposed to simulated them geostatistically (e.g., Pawlowsky
et al., 1995; Walvoort & De Gruijter, 2001). However, D’Or (2001; 2003) has shown that no
significant different could be revealed between specific methods for compositional data and
independent SGS.

2.4.2 Texture map

As seen above, various texture classifications have to be used: the FAO one to assign the right
hydraulic parameter values, the German one to assign the right mechanical parameter values
and choose adequately the PTF of Horn & Fleige (2003), and the Belgian one as main data
source.

There is thus a need to be able to convert the Belgian soil classes into FAO and German ones.
This is done by superposing the different texture triangles as shown in Figure 2. To better match
the boundaries observed on the soil profiles, the boundary between classes L and ALA1/ALA2
on the German triangle was modified to match the boundary between classes A/L and E on the
Belgian triangle.

An additional problem is brought by the fact that the Belgian texture classification uses a G
symbol for stony silty soils with more than 5% of stones, that is not represented on the texture
triangle. As almost 45% of the Walloon soils are classified in this class, a solution must be found
to convert it into a class appearing on the texture triangle. It thus has been decided to classify
the simulated texture fractions (see Section 2.4.1) according to the Belgian texture triangle in
the corresponding regions. Elsewhere, the texture class read on the digital soil map of Wallonia
is retained.

The conversion between the three classifications is made according to the conversion rules
exposed in Table 2. When more than one FAO or German class is corresponding to a given
Belgian class, the texture fractions simulated at Section 2.4.1 are used to determine the most
frequent class among the 100 realizations in the target classification. Resulting texture map are
shown at Figure 3. Note that it was chosen to ignore the uncertainty on the soil texture classes
at this stage. Hence, unique texture maps are used all along the process. This point could be
improved in future developments of the methodology.

3 Results

The main goal of the study was to determine the susceptibility of soils to compaction. This
can be assessed through the Pc maps (Section 3.1). For the public authority, it is then usefull
to delineate areas where the compaction risk is high according to various scenarios in order to
promote soil-friendly farming and forest practices. This is explained in Section 3.2.
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Figure 2: Belgian (left), FAO (middle) and modified German (right) texture triangles. On this
last triangle, the dotted lines of the original classification have been replaced by the dashed line
to match the Belgian classification border between classes A/L and E.

Table 2: Conversion table between the three texture classifications.

Belgian FAO German
U For VF ALA2
E M or MF | LS, ALA1 or ALA2
L M S, Lor ALA1
A MF L
P M S
S C S
Z C S

3.1 Pc maps and uncertainty quantification

According to Horn & Fleige (2003), Pc values are classified into 6 classes (0-30, 30-60, 60-90,
90-120, 120-150, >150 kPa) on each realization. A map of the modal Pc class at each grid
node at pF 1.8 is computed from the 100 realizations of the simulation process (Figure 4, left).
Lower the Pc class, higher the susceptibility of the soil to compaction. This map reflects also
very well the underlying soil texture classification and the organic matter content with higher
susceptibility for silty soils (Belgian texture classes L and A), especially when the organic
matter content is high.

Along with this map, a map of the corresponding estimation uncertainty is computed. The
classification error probability (CEP) has been chosen as uncertainty measure (Figure 4, right)
and is computed as CEP = 1 — P,,, where P,, is the probability of the modal class, computed as
the frequency of occurrence of this class at a given grid node among the set of 100 realizations.



Figure 4: Map of the modal Pc class at pF 1.8 (left) and of the corresponding uncertainty (right).

3.2 Risk maps

The risk of soil compaction is then quantified for various scenarios corresponding to the usage
of agricultural or forestry machines. From the weight and tire characteristics of the machine,
the vertical stress o, applied to the soil at 40 cm depth is computed with the Terramino® model
(Stettler et al., 2010). If 6, > Pc, the soil will be compacted by the machine. Using the 100
simulation maps of Pc values, the risk of soil compaction is computed as the probability that

O, > Pc at a given grid node by
100

R=Y I(c.> Pc) (5)
k=1

where I, is an indicator variable: I = 1 if 6, > Pc ; [, = 0 else.
Two scenarios are shown here :

1. Scenario 1 with an agricultural tire, equipping a harvesting machine, with a load of 6300
kg at 1.2 bar.

2. Scenario 2 with a forest tire equipping a grapple skidder, with a load of 4625 kg at 4.0
bars.



Figure 5: Risk maps at pF 1.8 for a scenario in agricultural land (left) and in forest land (right).
Three classes of risk are defined: Low risk (R < 10%, in green), intermediate risk (10% < R <
90%, in blue) and high risk (R > 90%, in red).

Results are shown at Figure 5. On each map, the risk values are only shown where applicable,
1.e. on agricultural (resp. forest) land for scenario 1 (resp. scenario 2). To facilitate the inter-
pretation of the maps and the design of areas submitted to relevant policy measures, raw risk
values are classified in three classes : Low risk (R < 10%), intermediate risk (10% < R < 90%)
and high risk (R > 90%).

High risk areas should be protected by preventing the concerned machine to work there. In
intermediate risk areas, the passage of the machine may be envisaged if some precautions are
taken, like not working in wet conditions, trying to always use the same access path, etc.

4 Conclusion

Assessing vulnerability of soils to compaction is a difficult task to achieve at a regional scale
because of the number of parameters involved. Measuring them on an exhaustive manner would
be prohibitive in time and cost. Modeling appears to be a valuable solution.

Using a well established set of pedotransfer functions for computing the precompression
stress and only yet available data bases, a model is proposed here, combining geostatistical
Monte Carlo simulations, to map the precompression stress at the regional scale. A measure of
uncertainty on the prediction is also given. From this model, specific machine usage scenarios
could also be investigated. Soil compaction risk maps have been drawn and can be used as a
decision tool for policy makers in order to protect soils against long-term damages.
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