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COMPARING DIFFERENT METHODS TO DETERMINE SOIL PHYSICAL

QUALITY IN A MEDITERRANEAN FOREST AND PASTURE LAND

ABSTRACT

Soil physical quality (SPQ) can be assessed by different experimental methodologies and
criteria and the optimal/critical values or ranges for SPQ indicators are still approximate.
Sampling soils with minimal anthropic pressures should allow improvements in SPQ
assessment. Different experimental methodologies and criteria were applied to sample a
Mediterranean oak forest and pasture land, in Sicily, with a varying degree of anthropic
disturbance. Soil water retention was determined in the laboratory and the field, using the
BEST (Beerkan Estimation of Soil Transfer parameters) procedure of soil hydraulic
characterization. Capacity based indicators, the S index, and location and shape parameters of
the pore volume distribution function were calculated for assessing SPQ. With the laboratory
data, only the criterion using the capacity based indicators suggested that SPQ increased as
external pressures decreased. Therefore, this criterion appeared to be more reliable than the
other tested criteria in the sampled environment. The field method was more prone to suggest
good conditions and less able to signal differences between plots as compared with the
laboratory method. A forest soil with a good SPQ has an ability to store and provide water to
plant roots similar to, but it is more aerated than, a good agricultural soil. Developing BEST
for SPQ assessment is advisable since parameters descriptive of the soil water transport
properties, can be collected with a single experiment. Simultaneous characterization of
dendrometric and soil parameters at other sites is recommended to explore the relationships

between SPQ indicators and characteristics of the forest cover.

INTRODUCTION
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Soil physical quality (SPQ) denotes a well-established concept, especially with reference to
agricultural soils, since it refers primarily to the soil’s strength and fluid transmission and
storage characteristics in the root zone. An agricultural soil with a good physical quality is
strong enough to maintain good structure and hold field crops upright but also weak enough
to allow optimal proliferation of crop roots, soil flora and soil fauna (Reynolds et al., 2007).
Soils with good physical quality also have the ability to store and transmit water, air, nutrients
and agrochemicals in ways which promote both maximum crop performance and minimum
environmental degradation (Topp et al., 1997). Assessment of SPQ may imply many
measurements, i.e. organic matter content, dry bulk density, water retained at different
pressure heads, hydraulic conductivity, aggregate stability (e.g., Reynolds et al., 2002, 2009;
Dexter, 2004; Pulido Moncada et al., 2015b).

Many investigations on SPQ were carried out on agricultural soils because there is the
need to establish what happens with different agronomic practices (e.g., Keller et al., 2007;
Moebius et al., 2007; Reynolds et al., 2007; Fernandez-Ugalde et al., 2009; Glab et al., 2009;
Chakraborty et al., 2010; Arthur et al., 2011; Bamberg et al., 2011; Li et al., 2011; Stavi and
Lal, 2011; Iovino et al., 2013; Reynolds et al., 2014, 2015; Baiamonte et al., 2015). Moreover,
guidelines of practical interest have been developed with specific reference to these soils (e.g.,
Reynolds et al., 2009), and this circumstance has stimulated SPQ assessment in agricultural
environments notwithstanding that optimal/critical values or ranges for SPQ indicators are
still approximate (Reynolds et al., 2007). However, SPQ has also been assessed under other
land uses, including forest and pasture. In some cases, only these soils were sampled. For
example, Agnese et al. (2011) established a SPQ comparison between these two land uses
since forest and pasture soils can be expected to differ by their physical and hydraulic
properties but these differences could not imply that SPQ is compromised in a particular plot.

In other investigations, non-agricultural soils were considered in conjunction with agricultural
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soils. For example, both cropland soils and never cropped or cultivated virgin soil under
native trees and grasses were sampled by Reynolds et al. (2009, 2014) since the latter soil was
considered to provide a benchmark for comparison purposes. The optimal/critical values or
ranges for SPQ indicators developed for agricultural soils were also used in non-agricultural
environments. This choice is not free from some uncertainty. For example, using optimal
values developed for agricultural soils could perhaps be considered sound for grazing plots
since some form of external pressure due to anthropic activities occurs both in agricultural
and pasture soils. However, these pressures are expected to be reduced in forest plots, and
particularly in undisturbed forest stands. Therefore, there is the need to establish if
optimal/critical values or ranges for SPQ indicators developed with reference to agricultural
soils can also be used in other contexts. Developing the reasoning by Reynolds et al. (2009,
2014), a possible strategy is sampling forest/pasture plots characterized by different degrees
of disturbance and attempting to establish if the usual approaches signal a deterioration of the
SPQ with increasing levels of disturbance. These investigations may also allow improvements
in the optimal/critical values or ranges for SPQ indicators.

Soil water retention is central in determination of SPQ and different criteria can be
applied to treat water retention data. For example, SPQ can be assessed using capacity based
indicators such as macroporosity, matrix porosity, air capacity, plant available water capacity,
relative water capacity (e.g., Reynolds et al., 2002, 2007; Topp et al., 1997). Another
approach is based on the so-called S-index by Dexter (2004), that represents the magnitude of
the slope of the soil water desorption curve at the inflection point when the curve is expressed
as gravimetric water content versus natural logarithm of pore water tension head. A more
recent approach calculates several location and shape parameters of the pore volume
distribution function, that is deduced from the water retention curve (Reynolds et al., 2009).

In many investigations on SPQ assessment by soil water retention characteristics, a single
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criterion was applied. For example, capacity based indicators were exclusively used by
Reynolds et al. (2002, 2007, 2014, 2015) and Agnese et al. (2001) whereas only the S theory
was applied by Kutlu and Ersahin (2008) and Li et al. (2011). Both criteria were used in other
investigations (Chakraborty et al., 2010; Arthur et al., 2011; lovino et al., 2013; Glab, 2014),
and all the available criteria (capacity based indicators, S-index, pore volume distribution
function) were used by Reynolds et al. (2009) and Pulido Moncada et al. (2015a). A
dependence of the SPQ assessment on the applied criterion was suggested in these last
investigations. Reynolds et al. (2009) concluded that a suite of eight indicators should be used
in conjunction with an optimal pore volume distribution and water release curve for
quantifying the physical quality of rigid to moderately expansive agricultural soils and Pulido
Moncada et al. (2015a) also agreed that S cannot be used as a unique indicator. Clearly, these
conclusions raise several issues, including the reasons why different approaches provide
different results and what approach should be preferred in practice. Establishing comparisons
among alternative criteria in different environments is necessary to improve SPQ assessment
by water retention data.

These last data can be obtained with different experimental methods both in the
laboratory and the field. In the laboratory, it is rather common to use the hanging water
column apparatus (Burke et al., 1986) for high pressure heads, 4, and the pressure plate
apparatus (Dane and Hopmans, 2002) for low 4 values. Relatively simple methods can now
be applied to obtain a complete soil hydraulic characterization in the field. In particular,
Lassabatere et al. (2006) proposed to estimate the water retention and hydraulic conductivity
curves with the Beerkan Estimation of Soil Transfer parameters (BEST) procedure, using an
infiltration experiment with a zero pressure head on a circular soil surface and a few basic soil
physical determinations (particle size distribution, PSD, bulk density, and initial and final

water content). This procedure appears promising to simply yield a reasonably reliable soil
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hydraulic characterization but applying BEST in an uncalibrated form implies the possibility
of a non-perfect correspondence between laboratory measured and field predicted water
retention (Aiello et al., 2014; Bagarello et al., 2014b). In addition, the performances of the
BEST water retention model depend on the soil textural characteristics (Bagarello and Iovino,
2012). Therefore it seems plausible to presume that SPQ assessment can also vary with the
applied experimental methodology to determine soil water retention characteristics. However,
little has been done with reference to the link between SPQ assessment and the applied
methods for obtaining the soil water retention curve.

The general objective of this investigation was to compare different experimental
methodologies and SPQ assessment criteria in a Mediterranean forest and pasture land. Soil
physical and hydraulic properties were determined in a grazing plot and in an oak coppice
stand where different structural features of the forest cover were generated by silvicultural
felling practices at different times. The specific objectives were to: 1) compare different
criteria to assess SPQ on the basis of the laboratory measured soil water retention curve; and
i1) testing the suitability of the BEST procedure of soil hydraulic characterization to reproduce

a laboratory based SPQ assessment.

MATERIALS AND METHODS

Field site

The study site was located in Sicily, on the Madonie mountains, in a forest stand mainly
composed by holms and pubescent oaks. The forest (A1, A2, A3, A4) and pasture (AS)
sampling plots were located in the meso-mediterranen vegetation belt, at an altitude of about
1000 m a.s.l., with more than 1000 mm of precipitation per year. These sampling plots were

established on north-eastern slopes. Forest plots were characterized by coppice stands in
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different dynamic stages (i.e. rotation-age) according to the past silvicultural felling-age. In
particular, felling occurred in 2013 for plot A1, 2009 for plot A2, 1993 for plot A3 and 1973

for plot A4 (Table 1). Fig. 1 shows the site and the location of each sampling plot.

Sampling and calculation of dendrometric and structural parameters

The survey of the sampling plots was carried out in 2014. For the characterization of the
forest cover, the diameter at breast height (Dp;) > 3 cm and the tree height (H) were measured
for all living trees present in each sampling plot. All shoots Dy, were measured on each stool.
Using these basic data, the following structural characteristics were calculated for each
sampling plot: stem density (shoots ha™) and stool density (stools ha™), mean tree diameter
(D, in cm) and mean tree height (H,,, in m), basal area (G ha™') and frequency distribution of
trees with respect to Dy, (5 cm classes) and H (5 m classes). The number of individuals in
each size class for Dy, and H was calculated on the stand density of each plot (number of
individuals per hectare). The total basal area (G in m?) from all the shoots for each individual
(stool) was calculated too. The whole shoot volume (¥ in m®) was calculated using
mathematical models developed for the Italian National Forest Inventory (MAF-ISAFA,
1985) and the Sicilian Regional Forest inventory (Hofmann et al., 2011).

Forest canopy cover, also known as canopy coverage or crown cover, is defined as the
proportion of the forest floor covered by the vertical projection of the tree crowns (values
from 0 to 100 %) (Jennings et al. 1999). This index can influence soil properties since tree
crowns reduce kinetic energy of water by precipitation at ground level. Moreover, the forest
crown cover was detected by using the Stand Visualization System (SVS) software
(McGaughey, 1997) that generates graphic images depicting stand conditions, displaying

overhead, profile and perspective views of a forest stand.
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Soil sampling and calculation of soil hydraulic and physical parameters

Each plot was sampled in the months of May to July of 2014. For a given plot, 20 undisturbed
soil cores (0.05 m in height by 0.05 m in diameter) were collected at the 0 to 0.05 m and 0.05
to 0.10 m depths in 10 randomly selected points. Ten disturbed soil samples (0-0.10 m depth)
were also collected. The undisturbed soil cores were used for laboratory determination of the
initial volumetric soil water content, 6; (m>m™), i.e. the soil water content at the time of
sampling, and the dry soil bulk density, p, (Mg m™). The disturbed soil was used to determine
the particle size distribution (PSD) and the clay (c/), silt (si) and sand (sa) percentages
according to the USDA standards (Gee and Bauder, 1986). The organic carbon, OC (%),
content was measured by the Walkley-Black method on seven samples and it was converted
to organic matter, OM (%), content using the factor of conversion of 1.72. The fraction of
water stable aggregates, WS4, was determined by the wet aggregate stability test (Kemper,
1965; Kemper and Rosenau, 1986) on five samples according to the procedure by Baiamonte
and Crescimanno (1999).

For each plot, 20 infiltration runs of the BEST (Lassabateére et al., 2006) type were
carried out at randomly chosen sampling points using a ring with an inner diameter of 0.15 m,
inserted to a depth of about 0.01 m to avoid lateral loss of the ponded water. A known volume
of water (150 mL) was poured in the cylinder at the start of the measurement and the elapsed
time during infiltration was measured. When the amount of water had completely infiltrated,
an identical amount of water was poured into the cylinder, and the time needed for water to
infiltrate was logged. Following Lassabatére et al. (2006), the procedure was repeated 15
times (total applied water volume = 2250 mL) to deduce an experimental cumulative
infiltration, / (L), vs. time, ¢ (L), relationship including the near steady-state phase. The BEST

experiment was used to determine the parameters of the van Genuchten (1980) relationship
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for the water retention curve and the Brooks and Corey (1964) relationship for the hydraulic

conductivity function:

n
0=0, _|14| 2 (la)
0, -0, hg
m= K (1b)
n
n
K(6)_( 6-6, (22)
K, |6,-6,
- +2+4p (2b)
mxn

where 0 (L3L'3 ) is the volumetric soil water content, 4 (L) is the soil water pressure head, K (L
T™) is the soil hydraulic conductivity, #, m and 1 are shape parameters, k,, is a user index
(Haverkamp et al., 2005), p is a tortuosity parameter, and 4, (L), representing the inflection
point of the water retention curve, 6 (L3 L, field-saturated soil water content), 0, (L3 L3,
residual soil water content) and K; (L T™', field-saturated soil hydraulic conductivity) are scale
parameters. In BEST, 6, is assumed to be zero and the Burdine’s (1953) model is considered
for the water retention curve, meaning that k,, =2, n > 2 and p = 1. In the following, eq.(1)
with 0, = 0 and m = 1-2/n was denoted as the vGB (B = Burdine) model. The 4, scale
parameter is determined by the K and soil sorptivity, S (L T ), estimates obtained from the
measured infiltration process (Lassabatere et al., 2006). The Beerkan infiltration run was
analyzed by the BEST-steady algorithm (Bagarello et al., 2014a) since it is simple to be
applied and also because it was expected to yield a higher success percentage of the
infiltration runs, implying more experimental information, as compared with other possible
algorithms. In particular, Di Prima et al. (2015) showed that the BEST-slope (Lassabatére et

al., 2006) and BEST-intercept (Yilmaz et al., 2010) algorithms can fail more frequently than
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BEST-steady. Following Mubarak et al. (2009), BEST was applied by assuming 6, = ¢ since
this choice allowed us to simplify experimental procedures, also taking into account that
access to the sampling plots was rather difficult and only possible by feet. The BEST
experiment at a given sampling point was considered successful when it allowed a complete
soil hydraulic characterization for that sampling point (Lassabatere et al., 2006). Soil physical
quality (SPQ) indicators were calculated from each estimated soil water retention curve. In
particular, air capacity, AC (m’m™), plant available water capacity, PAWC (m’m™), relative
field capacity, RFC (-), and macroporosity, Psc (m3m'3 ), were calculated using eqs.(1) to (4)
by Reynolds et al. (2009). Table 2 summarizes the meaning of each indicator considered in
this investigation and also lists suggested criteria to evaluate SPQ. Saturated hydraulic
conductivity of matrix pores, K,, (L T), was also estimated using eqs.(1) and (2) since it
represents another SPQ parameter according to Topp et al. (1997), in addition to K. In
particular, K, was set equal to K(k =-0.1 m) since the corresponding soil water content
represents the saturated volumetric water content of the soil matrix (Reynolds et al., 2009).
Water retention was also measured in the laboratory. Water retained at high pressure
heads (£ > -1.5 m) was determined on 10 replicated soil cores randomly collected from the
surface soil layer, after removing the visible litter and other organic matter, in stainless steel
cylinders (inner diameter = 0.08 m, height = 0.05 m). For low pressure heads (4 <-3 m), 10
replicated samples, obtained by packing sieved soil in rings having an inside diameter of 0.05
m and a height of 0.01 m to the mean p; value of the undisturbed cores, were used. The
experimental methodologies described in detail by Bagarello and lovino (2012) were also
applied in this investigation to obtain volumetric water retention data for / values of -0.05, -
0.1,-0.2,-0.4,-0.7, -1.0, -1.2, -3.37, -10.2, -30.6 and -153.0 m. For each sampling location,
eq.(1) was fitted to the data to determine the unknown parameters. The fitting was performed

by an iterative nonlinear regression procedure, which finds the values of the optimised

10
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parameters by minimizing the sum of squared residuals between the model and the data. This
procedure was applied using the SOLVER routine of Microsoft Excel software (Microsoft
Company, Redmond, WA, USA). The fitting performance of the theoretical model to the
measured water retention data was evaluated for a given sampling point by calculating the
sum of the squared residuals, SSR. Both the van Genuchten-Mualem (vGM) formulation, with
an optimized 6, (i.e., not forced to be equal to zero) and k,, = 1 in eq.(1b), and the vGB
models were fitted to the data. The AC, PAWC, RFC and Pyc indicators were calculated by
using the parameters for both the vGM and vGB models fitted to the laboratory water
retention data. Moreover, the pore volume distribution function was characterized according
to Reynolds et al. (2009). In particular, the median, dyegisn (L), modal, dyoq (L) and mean,
dyean (L) location parameters and the standard deviation, SD, skewness, SK, and kurtosis, KU,
shape parameters were calculated using the fitted vGM model and eqgs.(14) to (19) by
Reynolds et al. (2009). Finally, egs.(7a) and (9a) by these last Authors were used to calculate

the S SPQ index by Dexter (2004).

Data analysis

For each variable considered in this investigation (c/, si, sa, pp, OM, WSA, AC, PAWC, RFC,
Prracs Amedians Amodes Ameans SD, SK, KU, S, 0;, K, K,,), a given dataset was summarized by
calculating the mean, M, and the associated coefficient of variation, CV. Arithmetic means
were generally calculated since characterization of an area of interest for SPQ assessment is
generally based on arithmetic averages of individual determinations (Reynolds et al., 2009;
Pulido Moncada et al., 2015a). Geometric means were calculated for K, and K, since a log-
normal distribution generally describes hydraulic conductivity of saturated and near-saturated

soil better than a normal distribution (Lee et al., 1985; Mohanty et al., 1994). For comparing

11
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mean values, untransformed and In-transformed data were used for the normally and the In-
normally distributed variables, respectively.

Initially, the five plotas were compared with reference to the basic soil properties (c/,
si, sa, pp, OM, WSA) using the Tukey Honestly Significant Difference (THSD) test at P =
0.05. A preliminary SPQ assessment of each plot was carried out by considering p, and OM,
that represent commonly used SPQ indicators, using the available evaluation criteria (Table
2).

The impact of using different approaches to assess SPQ on the basis of the laboratory
measured water retention was tested. The capacity based indicators (4C, PAWC, RFC, Pyac),
the pore-volume function characteristics (dmedian, Amodes Ameans SD, SK, KU) and the S index by
Dexter (2004) were considered. For each indicator, the THSD test was applied to statistically
compare the five sampling plots and a SPQ assessment was made with each approach. This
comparison was made to check consistency between alternative approaches, that could not
occur (Reynolds et al., 2009; Pulido Moncada et al., 2015a). Developing this topic is
important to reduce the risk to make an erroneous assessment of SPQ at a site of interest due
to a possible weakness of the applied approach.

To better understand the performances of the applied approaches, the relationships
between different laboratory determined SPQ indicators were examined. In particular, the
relationship between S and deqian, dmnode and dineqn Was established to see if S increased, as
expected, with the characteristic pore sizes. The relationship between S and p, was also tested
because de Jong van Lier (2014) recently suggested that, as a relative indicator of SPQ, S does
not have additional value over bulk density or total porosity. The relationship between AC and
RFC was finally investigated since both these indicators depend on the same variables, i.e. 6;
and 0 at 2 =-1 m (0.,,). Therefore, it was advisable to establish if, for a given 0, and 6_;,, data
pair, the SPQ was consistently good (or poor) according to both indicators.

12
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A comparison of the SPQ indicators obtained by BEST (K, K, AC, PAWC, RFC,
Py4c) in the five sampled plots was carried out with the THSD test and the SPQ was also
assessed on the basis of the field data.

A comparison between the laboratory and the field assessment of SPQ was then made
to check if a similarity between the two experimental methodologies was detectable. The
comparison was focused on water retention, since it was obtained with both methodologies.
An F test and a two-tailed t test (P = 0.05) were used to compare the two estimates
(laboratory, field) of a given capacity based indicator (AC, PAWC, RFC, Pyy4c) for each plot.
Taking into account that BEST assumes the vGB model, the indicators calculated by fitting
this model to the laboratory water retention data were also considered to establish a field vs.
laboratory comparison. Consequently, the relative ability of the vGB and vGM formulations
of the van Genuchten (1980) model to fit the laboratory water retention data was tested by
establishing comparisons between these two formulations in terms of both SSR and error of
the O predictions. Linear regression analysis procedures were then used to compare the two

estimates of the AC, PAWC, RFC and P, ¢ indicators.

RESULTS AND DISCUSSION

Main dendrometric and structural aspects

The mean values of all measured and derived stand attributes were reported in Table 3 for
each forest plot. Moving from plot A1 to plot A4, the complexity and closure of the forest
stands increased. The increase of most of the dendrometric and structural parameters was due
to the age of stems (shoots) from the last coppice felling (Table 1). For example, the crown

cover index showed a progressive increase from 34% in plot Al to 97% for plot A4.

13
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Similarly, the basal area (G) and the volume (V) of all shoots and standards increased moving
from Al to A4 sampling plots (Table 3).

Vice versa, parameters regarding the density of stools and shoots decreased from Al
to A4 plots, due to the normal plant competition for space and light through time, from the
younger and smaller shoots (A1) to the older and larger ones (A4).

Fig.2 clearly shows the dendrometric differences and structural aspects among the
sampling plot by the frequency distribution of shoots with respect to diameter at brest hight
(Dgg). In an overview, the recently cut Al (in 2013) and A2 (2009) plots showed similar
figures, with a lot of new shoots in the smaller diameter class and few standards and trees in
the greater ones. The other two sampling plots, A3 and A4, are characterized by a typical bell-
shaped frequency distribution of a mature coppice with a progressive reduction of total shoots

density.

Basic soil properties
The forest plots Al to A4 were established at a small distance from each other, i.e. by not
more than 600 m, suggesting a pedological uniformity of the site, and they had relatively
similar mean steepness values, varying from 48% (A4) to 59% (A3) (Table 4). Therefore,
land cover characteristics represented the main factor of difference among these plots. Plots
A3 and A4 did not differ significantly by any basic soil property (Table 4), suggesting that
possible soil alteration effects due to tree cutting did not last for more than 20 years.

An effect of tree cutting was detectable by comparing the most natural plots (A3 and
A4) with those more recently disturbed (A1 and A2). The soil at these last plots was denser,
poorer in organic matter and with less water stable aggregates than the former plots, but tree
cutting effects on pp, OM and WSA were statistically negligible. On the other hand, the plot

disturbed six years ago (A2) had significantly more sand and less clay than the most natural

14
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plots (A3 and A4) and a similar result was also detected with reference to the more recently
disturbed plot (A1), although in this last case differences were smaller and not significant.
Taking into account the closeness of the four plots to one another and particularly of plots Al
and A3 (Fig.1), soil textural differences likely represented a consequence of tree cutting. Soil
of plot A2 remained exposed for the longest time to the direct action of rainfall and it was also
affected by some loss or weakening of stabilizing agents since re-establishment of a
vegetative soil cover was rapid but not immediate (i.e., a couple of years). Therefore, soil
erosion phenomena were particularly favored in this plot (e.g., Dissmeyer and Foster, 1981)
and probably they determined removal of fine and easily transportable soil particles. The data
collected in the plot A1 were consistent with this interpretation since they suggested that these
phenomena started to occur soon after tree cutting.

The pasture plot AS was established in a flatter zone (slope steepness = 27%, Table 4)
than the forest plots. Therefore, pasture and forest plots were compared to establish if the
documented land use effects on soil characteristics (e.g., Archer et al., 2013; Hassler et al.,
2011) remained detectable in relatively heterogeneous conditions, i.e. in neighboring areas
that did not differ exclusively by land use. This comparison has practical interest since
morphological heterogeneity is the rule rather than the exception in natural environments
(e.g., Germer et al., 2010).

Soil of plot A5 had more clay and silt, less sand and it was more compacted as
compared with soil of the forest plots (Table 4). Moreover, the pasture soil had less organic
matter than the soil of the most undisturbed forest plots (A3 and A4) but a similar fraction of
water stable aggregates as compared with the other plots. The higher content in fine particles
could be due to pedological differences, taking into account that plot A5 was relatively far
from the other areas (i.e. approximately 600 m from plot A4 and 1200 m from plots A1-A3,

Fig.1). However, the differences between the pasture and the forest plots could also be a
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consequence of the erosion processes at the sampled site. In plot A5, runoff rates were
expected to be relatively low due to the relatively small steepness, and this circumstance
likely promoted some deposition of the fine sediments eroded in the steeper areas. Even the
differences between organic matter and compaction levels were likely due to differences in
land use. For example, a decrease in organic matter content was a plausible implication of the
absence of litter and, therefore, a reduced biomass accumulation. Moreover, p, is expected to
increase in the passage from clay to sandy soils (Hillel, 1998) but, at the sampled site, the
highest p, values were measured on the soil with the highest ¢/ content and the lowest sa
content. This circumstance induced us to exclude an exclusively textural interpretation of the
detected differences for p, that instead were consistent with the documented effect of
deforestation, pasture installation and cattle trampling, determining soil compaction and hence
increase in bulk density (e.g., Chauvel et al., 1991; Martinez and Zinck, 2004; Germer et al.,
2010). Therefore, this investigation suggested that land use effects on basic soil properties
were also detectable in a relatively heterogeneous condition.

In general, the five plots had a poor SPQ according to the existing criteria since they
were too rich in organic matter and had too small p, values (Table 5), with the only exception
of soils of plots Al and A5 having an optimal soil bulk density. Taking into account that these
two plots also had an OC content only slightly higher than 6% (6.3-7.7%), this preliminary
analysis suggested that the soil characteristics at the sampled site approached those of a good

agricultural soil (Reynolds et al., 2009) when some form of anthropic pressure occurred.

Determining soil physical quality by laboratory measurement of water retention

Soil physical quality indicators
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A soil sample collected in the plot A2 was excluded from the analysis since a large stone was
found to be embedded in the soil volume after measuring water retention at high pressure
heads. Therefore, a total of 49 experimentally determined water retention curves were
considered in this analysis.

Statistically similar results were obtained in the four forest plots for AC, PAWC, RFC
and Py4c, suggesting a similar SPQ (Table 6). The pasture plot also had a PAWC value
similar to those of the forest plots. However, lower AC and P4 values and higher RFC
values were detected for plot A5 as compared with one or more forest plots. Differences were
particularly clear, i.e. they were detected for the three indicators, with reference to the A4 vs.
A5 plots comparison. Therefore, soil’s ability to store and provide water to plant roots did not
vary at the sampled site regardless of any factor of difference (land use, slope steepness) but
soil of the most undisturbed forest plots was better than soil of the pasture plot due to the
improved root zone aeration and soil’s ability to quickly drain excess water and facilitate root
proliferation. Even this result supported the conclusion that, at the sampled site, the expected
land use effects (Archer et al., 2013; Hassler et al., 2011) remained detectable in relatively
heterogeneous morphological conditions.

Even with the location and shape parameters approach, statistically similar results
were generally obtained for the four forest plots with the only exception of a dj,.4iq, value
greater for plot A4 than plot A2 (Table 6). Two of the six considered indicators (dy0q and
SD) also indicated a statistical similarity between the forest and the pasture plots. However,
the other four indicators (dyedian, dmeans SK, KU) consistently suggested differences between
the pasture plot and one to three forest plots. In particular, soil of plot A5 had smaller pores, a
larger excess of small pores relative to a lognormal distribution and a less leptokurtic
distribution (Reynolds et al., 2009) as compared with soil of the most natural forest plots (A3,

Ad).
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The S index values were similar in the four forest plots, and a smaller S was obtained
for the A5 plot as compared with the most natural A3 and A4 plots (Table 6).

Therefore, the three tested approaches yielded a similar information, i.e. a similarity of
the considered indicators for the four forest plots and a difference between the pasture and the
forest plots. This result, that leaves optimal values or ranges out of consideration, suggested a
similarity of the three approaches in terms of their ability to distinguish between different
conditions. Consequently, the choice of the approach to be applied for discrimination
purposes could be based on the specific information of interest. For example, capacity based
indicators could be used if two soils have to be compared in terms of their ability to store
water and air (e.g., soil X has the same plant available water capacity but a larger
macroporosity as compared with soil Y). Location and shape parameters could be preferred if
the intention is to describe the soil pore system (e.g., larger pores and a wider range in pore
diameters occurs in soil X than in soil Y). Finally, the S index appears usable to discriminate

synthetically between two areas (e.g., soil X better/poorer than soil Y).

Soil physical quality assessment

The capacity based indicators (AC, PAWC, RFC, Pyc) suggested in general a satisfactory
SPQ at the sampled site since ideal, good or intermediate (in other words, not definitely poor)
conditions were detected in 15 of the 20 cases (four indicators x five sampled plotas; Table
5). The best SPQ was detected in the A1, A2 and A4 forest plots in which the conditions were
good/ideal/optimal for three of the four considered indicators. SPQ was slightly poorer in the
forest plot A3, since RFC denoted water limited conditions and macroporosity was
intermediate. The pasture plot had the worse SPQ since three indicators denoted poor
conditions. A completely different assessment of the SPQ was made with the location and

shape parameters since, in this case, the SPQ was generally non-optimal (Table 5). The most
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natural plot A4 had the poorest SPQ whereas the best conditions among the five plots were
recognized for the pasture plot AS. Finally, the S index by Dexter (2004) suggested a very
good SPQ for all sampled plots (Table 5).

Reasonably, soil at the sampled site was not heavily disturbed, particularly in the most
natural forest plots where anthropic pressures were absent or minimal. In the more recently
cut forest plots and in the pasture plot, some soil disturbance certainly occurred but
presumably it was not very noticeable since cutting was performed only once and in a short
time, and the presence of many pasture zones in the sampled environment suggested a limited
pressure by livestock specifically in plot A5. Consequently, a good or at least a satisfactory
SPQ was generally expected together with a better quality in the most natural forest plots than
the pasture and the cut forest plots, considering that virgin soils should provide benchmarks
for comparison purposes (Reynolds et al., 2009, 2014). According to this reasoning, the
location and shape parameters criterion was the worst criterion since the SPQ was poor in
general and better where external pressures were more noticeable. The performance of the S
index criterion was satisfactory only in part, because the SPQ was always very good, but
without any distinction between the plots. An inability of the S index criterion to distinguish
between areas in terms of their SPQ was also detected in a recent investigation by Pulido
Moncada et al. (2015b). The best approach to assess SPQ at the sampled site appeared to be
that making use of the capacity based indicators since it suggested a satisfactory SPQ in
general and better conditions in zones where anthropic and livestock pressures were minimal.

Taking into account that the currently available optimal values or ranges of the
considered SPQ indicators were developed with particular reference to agricultural soils
(Reynolds et al., 2009), this analysis should be viewed as no more than an attempt to establish
if the five sampled soils had a physical quality similar to that expected in a physically good

agricultural soil. Data on other forest soils should probably be collected to develop specific
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SPQ assessment criteria for these soils. According to this investigation, the PAWC, AC and
P4 evaluation criteria reported in Table 2 seem to be usable for both agricultural and forest
soils. In comparison with a good agricultural soil, a good forest soil has a larger ability to
store air relative to the soil’s total pore volume (i.e., lower optimal RFC values) and it also
has a lower bulk density and a higher organic matter content. Attempting to further develop
this reasoning, it could also be noted that, although 4C > 0.14 m’m™ denotes good SPQ
conditions (Table 2), AC values of 0.26-0.37 m’m™ were considered too high by Reynolds et
al. (2002). Therefore, it could also be suggested that more root zone aeration (i.e., a higher AC

value) should be expected in a good forest soil than in a good agricultural soil.

Relationships between soil physical quality indicators

The inconsistency between the SPQ assessment carried out with the S and the location and
shape parameters criteria mainly occurred because large values of S denote a large presence of
large structural pores (microcracks, cracks, biopores and other macrostructures; Dexter, 2004)
but too much large pores denote poor conditions according to Reynolds et al. (2009). This
situation is illustrated in Fig.3 showing, for the 49 soil samples of this investigation, that S
clearly increased with both d,egian and dyean (less with d,y04. Since an R? value of 0.09 was
obtained in this last case). Therefore, large pore sizes denoted good conditions according to
Dexter (2004) and poor conditions according to Reynolds et al. (2009).

The S index decreased with p, according to a statistically significant exponential
relationship (R* = 0.82; Fig.4). This result was seemingly in line with the suggestion by de
Jong van Lier (2014) that, as a relative indicator of SPQ, S has no additional value over p;. An
implication of this suggestion is that the latter parameter could replace S in SPQ
investigations, with obvious experimental advantages. However, a monotonic relationship

between S and p, indicates an inconsistency in the use of these two indicators for SPQ
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assessment on the basis of the currently applied assessment criteria (Table 2). According to
Dexter (2004) and Dexter and Czyz (2007), SPQ improves as S increases. In this
investigation, however, high S values were associated with low p; values, lower than those
defining the optimal range of soil bulk densities for SPQ assessment (Reynolds et al., 2009).
Therefore, a very good SPQ according to the S index was associated with a poor SPQ
according to the measured p,. In other terms, S could maybe be replaced by p, but the point is
that the two indicators give a contrasting information on SPQ.

The RFC and AC indicators were strongly correlated to one another (Fig.Sa) which
was plausible given that both indicators were expressive of the difference between 0, and 6_j,.
Therefore, at least one of the two indicators could be considered practically superfluous in
SPQ assessment notwithstanding that they have a different physical meaning (Table 2). In
addition, the suggested criteria to discriminate between good (AC > 0.14 m’m>; 0.6 < RFC <
0.7) and poor conditions were not fully consistent. In particular, it was noted that an RFC
value varying between 0.6 and 0.7 implied an AC value that did not increase indefinitely
(Fig.5b). Moreover, the range of AC values yielding optimal values of RFC varied with 6
(e.g., 0.11-0.14 m’m™ for 6, = 0.36 m’m™ and 0.14-0.18 m’m" for 6, = 0.46 m’m™). Fixing
an upper limit for AC could be reasonable since it is not very realistic to presume that the SPQ
increases indefinitely with soil aeration.

All criteria should simultaneously be applied to assess physical quality in the
environments sampled by Reynolds et al. (2009) but, according to this investigation,
simultaneous use of all criteria may yield hardly interpretable results in forest and pasture
soils. A SPQ assessment varying with the applied approach (capacity based indicators,
location and shape parameters, S index) and the relationships between SPQ indicators
detected in this investigation suggested that physical quality assessment of forest and pasture
soils by criteria essentially developed for other land uses should be considered with a certain
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caution and there is the need to improve these criteria. Presumably, the focus should be put on
the capacity based indicators because each indicator has a clear meaning with respect to soil
functions, that can easily be understood by practitioners and farmers. Other reasons are the
encouraging performance of these indicators in forest and pasture soils, the possibility to
reduce the number of the considered indicators and/or that to modify optimal ranges to

improve consistency between different indicators.

Determining soil physical quality by hydraulic parameters obtained in the field

Soil physical quality indicators

The mean soil water content at the time of the beerkan infiltration experiment, 6;, varied
between 0.134 and 0.265 m’m™ and the soil was significantly wetter in the plot A4 than in the
other plots (Table 7). The ratio between the means of 6; and the corresponding porosity
estimated from the dry soil bulk density measurements (Table 4) varied from 0.24 (plot AS)
to 0.38 (plot A4). Particularly for this plot, the ratio was higher than the suggested upper limit
of 0,/6, for an accurate application of the BEST procedure (6,/6; < 0.25; Lassabateére et al.,
2006). However, more recent findings indicated that BEST can be applied in initially wetter
soil conditions (6; > 0.25%6;,) without an appreciable loss of accuracy in the predictions (Di
Prima et al., 2015). Therefore, the initial soil water content was not considered to affect the
reliability of the predicted soil hydraulic parameters.

BEST-steady yielded successful results, i.e. a complete soil hydraulic characterization,
at 12 to 20 sampling points for a given plot (success rate percentages ranging from 60 to
100%; Table 7). Failure of the soil characterization procedure at some locations occurred
when the cumulative infiltration curve did not show the expected concavity, that is necessary
to obtain positive estimates of both steady-state infiltration rate and intercept of the steady-
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state expansion of cumulative infiltration and hence meaningful estimates of the soil hydraulic
parameters (Bagarello et al., 2014a). Soil water repellency is known to be a phenomenon that
could explain patterns in infiltration rates that are not explained by the traditional theory (e.g.,
Lassabatére et al., 2012). Probably, soil hydrophobicity affected the results of this
investigation since more organic matter in the soil implies more probability of water
repellency (e.g., Jarvis et al., 2008) and a relatively strong inverse relationship was detected
between the success rate percentages and the soil organic matter content (coefficient of
determination, R* close to 0.8). An OM content not exceeding 11% did not cause failure in the
BEST-steady procedure. In any case, the lowest number of successful data for a plot was
large enough to obtain a reliable soil hydraulic characterization according to existing
guidelines (Reynolds et al., 2002).

The saturated soil hydraulic conductivity was significantly higher in the most natural
forest plots (A3 and A4) than the disturbed forest plots (A1l and A2), and the pasture plot (A5)
yielded intermediate K values between these two extremes (Table 7). Therefore, soil
disturbance due to pasture or cutting trees determined a decrease of the mean conductivity by
a factor that was not too high, since it did not exceed 4.4 and considering that higher factors
of difference (i.e., 5.9-10.0) were reported for other forest vs. pasture comparisons (e.g.,
Zimmermann et al., 2006; Hassler et al., 2011). This investigation was in line with the
conclusion by these last Authors that recover of K from pasture up to pre-pasture levels is a
slow process (more than eight years) since plots where trees were cut 6-7 years before soil
sampling had lower conductivities than the most undisturbed plots. The means of K
calculated for each plot were better correlated with variables expressive of soil structure (pp,
OM, WSA; 0.28 < R*< 0.73) than with textural variables (c/, si, sa; 0.002 < R*<0. 16) and the
single statistically significant relationship suggested an increase of K; with OM. This result

was plausible and it suggested reliability of BEST predictions since K is known to be related
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to soil structure (Lassabatére et al., 2006) and other Authors have reported that OM should be
expected to be positively correlated with K (Rawls et al., 2005).

The saturated hydraulic conductivity of the matrix pores did not differ among the
sampled plots (Table 7). In part, this similarity was due to the very high variability of the
individual data, inducing some skepticism in the representativeness of the means. In any case,
K, did not differ very much at the sampled site, since the maximum factor of difference
between two plots was equal to 3.6. The difference, K, (L T™), between K, and K,,, i.e. the
macropore saturated hydraulic conductivity (Watson and Luxmore, 1986; Timlin et al., 1994)
is expected to be one to four orders of magnitude greater than K, (Beven and Germann, 1982;
Topp et al., 1997). In this investigation, the K, values calculated from the means of K, and K,
were 16 to 162 times higher than the corresponding values of K, i.e. they were in line with
the literature suggestions. The highest K,,/K,, ratios (> 136) were detected in the A3 and A4
plots and this ratio did not exceed 68 in the other plots. This result suggested that macropore
flow should be expected to be particularly noticeable in the most natural plots. Soil
disturbance due to tree cutting or trampling by livestock determines a decrease of macropore
flow but it has a lower impact on matrix flow. This result was consistent with the recent
finding by Niemeyer et al. (2014) that a forest soil had eight times more preferential flow
paths than a pasture soil.

Statistically similar results were obtained in the four forest plots for AC, PAWC, RFC
and Pyc (Table 7). The pasture area had RFC and Pjc values similar to those of the forest
plots. However, lower AC and PAWC values were detected for plot A5 as compared with one

or two forest plots.

Soil physical quality assessment
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The saturated soil hydraulic conductivity and the capacity based indicators obtained with
BEST suggested in general a satisfactory SPQ at the sampled site since ideal, good or
intermediate conditions were detected in 22 of the 25 cases (five indicators x five sampled
plots, Table 5; 18 cases out of 20 by only considering the four capacity based indicators).
Signs of poor conditions were only detected in the forest plots A2 and A4 (water limited

conditions) and in another forest plot (A3, too high K; values).

Comparing laboratory and field experimental methodologies

The assessment of SPQ made with the capacity based indicators revealed a similarity between
the laboratory and the field methodologies since the SPQ at the sampled site was satisfactory
in both cases. This result was encouraging from a practical point of view since the BEST
procedure, being experimentally simpler and faster than laboratory measurement of soil water
retention, can be applied to intensively sample an area of interest.

However, an important difference was that, contrary to the laboratory data, the field
methodology did not suggest any appreciable difference in SPQ between the forest and the
pasture plots. The judgment was the same with the two experimental methodologies (e.g.,
good in both cases) for nine of the 20 established comparisons (45% of the total, Table 5).
Assuming a conceptual similarity between good and ideal with reference to PAWC and
between optimal and intermediate for Py4c, since the SPQ was non-poor in both cases, a
similar judgment was made in 15 cases. According to a two-tailed t test (P = 0.05), the
laboratory and the field measured values of a given indicator at a sampled plot were not
statistically different in 12 cases (60% of the total). The similarities were clearer in the forest
plots (not significant differences for 12 out of 16 comparisons) than in the pasture plot
(significant differences for all comparisons). Therefore, the laboratory and field approaches

did not yield a perfectly equivalent information. In particular, the field method was more
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prone to suggest good conditions and less able to signal differences between plots as
compared with the laboratory method.

The discrepancy between the two approaches was not surprising. In this investigation,
BEST was applied in the simplest possible way, i.e. by setting 6, = porosity and using
standard values of the constants 3 and y of the infiltration model, i.e. 0.6 and 0.75,
respectively (Lassabatere et al., 2006). This choice was made taking into account that
investigations on SPQ typically have a territorial character, implying the need to apply as
much as possible simple experimental and analytical protocols to extensively sample soils.
However, other recent investigations have suggested that a satisfactory correspondence
between the laboratory and the field determined soil water retention values, that represent the
starting point of the capacity based indicators calculations, needs an adaption of the BEST
procedures such as the use of soil dependent constants of the infiltration model, shape
parameters of the hydraulic characteristic curves estimated by the clay and sand percentages,
and a more appropriate estimate of the field saturated soil water content (Gonzalez-Sosa et al.,
2010; Nasta et al., 2012; Aiello et al., 2014; Bagarello et al., 2014b). Improvements in the
BEST procedures that do not complicate soil hydraulic characterization appear possible such
as, for example, an estimate of B and y based on the measured soil particle size distribution,
that is already an input in the currently applied procedure. These improvements can be
expected to contribute to a more reliable SPQ assessment. As a matter of fact, performing an
infiltration run in the field is generally simple and rapid which implies that many replicated
runs can easily be carried out to characterize an area of interest. Another obvious reason of
interest for the field procedure is that more SPQ indicators can be collected with BEST than
with the laboratory measurement of the soil water retention curve since hydrodynamic

parameters are only obtained in the former case.
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With the capacity based indicators obtained by fitting the vGB model to the laboratory
data, a statistical similarity between the laboratory and the field methodologies was detected
in 9 cases out of 20 (i.e., less than the 12 cases for the standard procedure making use of the
vGM model). Therefore, using a common water retention model reduced the similarities
between the two experimental methodologies.

Higher SSR values were obtained with the vGB model than the vGM model in the
86% of the cases (Fig.6a) and the SSR(vGB)/SSR(vGM) ratio varied between 0.72 and 6.27,
with a mean of 2.17 (median = 1.61) and a CV' = 92.2%. The relative prediction errors, RE,
varied from -32.3 to 23.2% for the vGB model and from -16.0 to 23.0% for the vGM model.
In both cases, the highest absolute values of RE were associated with the smallest measured
values of 0 and they decreased, approaching nearly zero, as the measured soil water content
increased (Fig.6b). With the vGB model, the absolute RE did not exceed 5% and 10% in the
75.3% and 89.4% of the cases, respectively. With the vGM model, these percentages
increased to 85.2% and 97.2%, respectively. Similar results were obtained in other tests of the
vGB model by Aiello et al. (2014) and Bagarello and lovino (2012). Therefore, the vGM
model reproduced the measured retention data better than the vGB model, probably as a
consequence of the larger number of optimized parameters (four instead of three) and the lack

of the constraint on 6, for the vGM model. In particular, this last model allowed to reduce the
risk to underestimate low values of 0, which instead was a more frequent occurrence with the
vGB model (Fig.6b).

This investigation supported the conclusions by Haverkamp et al. (2005) that the van
Genuchten (1980) equation provides a relatively poor description of retention data for dry
conditions and that using more parameters in the optimization may improve data description
by eq.(1). With reference to this last point, an optimized value of 6, = 0 was obtained with the
vGM model in 15 of the 49 cases and, on average (N = 49), 8, was equal to 0.068 m’m™ (CV
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= 88.6%). The optimized 0, values with this last model were smaller than the porosity, ¢, in
the 92% of the cases and the mean of 0,/¢p was equal to 0.90 (CV = 10.1%). Ratios between 6
and ¢ close to that of this investigation are rather common in the literature (e.g. 0.85 in
Mubarak et al., 2009 and 0.93 in Somaratne and Smettem, 1993). This last result supported
the hypothesis that better estimating 6, in the BEST procedure (i.e., not simply setting 6, =
porosity) could improve the performances of this approach, i.e. could allow to obtain water
retention data closer to those obtained with standard laboratory methods.

The vGM and vGB models yielded significantly correlated predictions of each
considered indicator (4C, PAWC, RFC, Py4c; Table 8) although data scattering was
particularly noticeable for Py4c (Fig.7). A linear regression line not different from the identity
line according to the calculated 95% confidence intervals for the intercept and the slope was
detected for AC, RFC and Pyc but not for PAWC. Therefore, the water retention model fitted
to the data cannot be considered irrelevant in terms of estimated SPQ indicators. In other
terms, if an investigation making use of the vGB model is compared with another
investigation based on the vGM model, an effect of the water retention model on the results of
the comparison cannot be excluded. Fig.8, showing the differences, diffcp;, between the two
estimates (vGB, vGM) of a capacity based indicator at a sampling point against SSR(vGB),
suggested that this last parameter can be viewed as an index of the expected differences
between the two estimates. If the vGB model fits well to the data, i.e. if SSR(vGB) is low,
then the applied model does not influence appreciably the estimate of a given SPQ indicator.
Detection of this influence presupposes a poor performance of the vGB model, i.e. high
SSR(vGB) values.

This analysis had an obvious general importance, since it allowed to establish what
formulation better described the water retention data for the sampled soils under the
hypothesis that laboratory measurement of 6 was free from any experimental error. It was also
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689  necessary to establish if the choice of the water retention model should be expected to

690 influence the SPQ assessment. On the basis of this investigation, to reduce differences

691  between the laboratory and the field calculations of the capacity based indicators, an

692  improved fitting to the laboratory water retention data appears more important than using a
693  common water retention model for the two experimental methodologies.

694

695 CONCLUSIONS

696 In this investigation, the expected land use effects on soil physical and hydraulic properties
697  were found to be detectable notwithstanding that steepness was greater for the forest plots
698 than the pasture plot. Moreover, soil properties were affected by land management practices
699  in a morphologically homogeneous area were trees were cut on different dates. Therefore, a
700  conclusion was that, at the sampled site, both land use and management practices influenced
701  appreciably soil physical and hydraulic properties. This circumstance has to be taken into
702 account in the development of soil sampling strategies aimed to interpret and/or simulate
703 hydrological processes at the hillslope or watershed scale.

704 The three tested approaches to assess soil physical quality (SPQ) on the basis of the
705  laboratory measured water retention (capacity based indicators, S index, location and shape
706  parameters of the pore volume distribution function) showed a similar ability to discriminate
707  between the two land uses. An implication of this result was that a single indicator, such as
708  the S index, could be enough in practice if the objective of the investigation is to detected
709  differences between SPQ attributes of different areas. However, the three approaches yielded
710 acompletely different assessment of the SPQ at the sampled site. This discrepancy was due to
711 the applied criteria to express the judgment. Taking into account that never cropped and

712 virgin soil is expected to have nearly optimal SPQ conditions and that pressure of anthropic

713 nature can reduce SPQ, the most convincing criterion was found to be that developed for the
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capacity based indicators. This result is important from a practical point of view because, with
the current procedures, only four water retention data points are necessary to establish the
SPQ of an area of interest instead of the complete water retention curve required by the other
criteria.

With the capacity based indicators criterion, the optimal/critical values or ranges for
SPQ indicators developed with reference to agricultural soils appear approximately usable
even for other land uses such as forest and pasture. More in particular, a forest soil with a
good SPQ has an ability to store and provide water to plant roots similar to that of a good
agricultural soil but the root zone is expected to be more aerated in the former case than the
latter one. However, even the capacity based indicators approach needs improvements due to
some inconsistencies in the SPQ evaluation criteria. Solving these problems could imply a
simpler assessment of SPQ for an area of interest, i.e. based on a smaller number of
indicators.

The soil organic matter content appears a good predictor of the expected performance
(success, failure) of the BEST procedure for soil hydraulic characterization directly in the
field. This procedure, applied in the simplest possible form also in terms of the used data
analysis algorithm, and the more standard laboratory approach presented similarities in terms
of SPQ assessment since it was found to be generally satisfactory in both cases. However, the
field approach was more prone to signal good conditions and less inclined to detect
differences between land uses. On the basis of the laboratory obtained water retention data,
the water retention model used by BEST is not the most appropriate model at the sampled
site. To reduce differences between the laboratory and the field calculations of the capacity
based indicators, an improved fitting to the laboratory water retention data appears more
important than using a common water retention model for the two experimental

methodologies.
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BEST appears susceptible of practical and theoretical improvements that should not
imply much more complicate field and data analysis procedures. These improvements are also
advisable to allow SPQ assessment of large areas. Larger sample sizes are expected to yield a
more reliable information on the SPQ of a given area and the field procedure appears suitable
to intensively sampling soil directly in the field with a practically negligible disturbance of the
porous medium. Another advantage of developing BEST for SPQ assessment is that the
procedure gives a complete soil hydraulic characterization. Therefore, other SPQ parameters,
such as those descriptive of the hydrodynamic characteristics of the soil, can be collected with
a single experiment.

In this investigation, simultaneous determination of dendrometric and soil parameters
was carried out for four forest plots differing by felling age. Four plots located in a particular
zone of the world are not enough to draw conclusions of general validity about the
relationships between SPQ and characteristics of the forest cover. Simultaneous
characterization of forest and soil at other sites is recommended to develop an international

database usable at this purpose.

31
5585 Guilford Rd., Madison WI 53711



754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

Soil Science Society of America Journal Page 32 of 57

REFERENCES

Agnese, C., V. Bagarello, G. Baiamonte, and M. Iovino. 2011. Comparing physical quality of
forest and pasture soils in a Sicilian watershed. Soil Sci. Soc. Am. J. 75(5):1958-1970.

Aiello, R., V. Bagarello, S. Barbagallo, S. Consoli, S. Di Prima, G. Giordano, and M. Iovino.
2014. An assessment of the Beerkan method for determining the hydraulic properties of
a sandy loam soil. Geoderma 235-236:300-307. doi: 10.1016/j.geoderma.2014.07.024.

Archer, N.A.L., M. Bonell, N. Coles, A.M. MacDonald, C.A. Auton, and R. Stevenson. 2013.
Soil characteristics and landcover relationships on soil hydraulic conductivity at a
hillslope scale: A view towards local flood management. J. Hydrol. 497:208-222.

Arthur, E., W.M. Cornelis, J. Vermang, and E. De Rocker. 2011. Amending a loamy sand
with three compost types: impact on soil quality. Soil Use Manage. 27(1):116-123.

Bagarello, V., and M. lovino. 2012. Testing the BEST procedure to estimate the soil water
retention curve. Geoderma 187-188:67-76. doi:10.1016/j.geoderma.2012.04.006.

Bagarello, V., S. Di Prima, and M. Iovino. 2014a. Comparing alternative algorithms to
analyze the beerkan infiltration experiment. Soil Sci. Soc. Am. J. 78:724-736.
doi:10.2136/ss5aj2013.06.0231.

Bagarello, V., S. Di Prima, G. Giordano, and M. Tovino. 2014b. A test of the Beerkan
Estimation of Soil Transfer parameters (BEST) procedure. Geoderma 221-222:20-27,
doi: 10.1016/j.geoderma.2014.01.017.

Baiamonte, G., and G. Crescimanno. 1999. Determinazione della stabilita della struttura con
il metodo del setacciamento in acqua. Rivista di Ingegneria Agraria, 2:95-102 (in
Italian).

Baiamonte, G., C. De Pasquale, V. Marsala, P. Conte, G. Alonzo, and G. Crescimanno. 2015.
Structure alteration of a sandy-clay soil by biochar amendments. J. Soils Sediments

15(4):816-824, doi: 10.1007/s11368-014-0960-y.

32
5585 Guilford Rd., Madison WI 53711



Page 33 of 57

779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801

802

Soil Science Society of America Journal

Bamberg, A.L., W.M. Cornelis, L.C. Timm, D. Gabriels, E.A. Pauletto, and L.F.S. Pinto.
2011. Temporal changes of soil physical and hydraulic properties in strawberry fields.
Soil Use Manage. 27(1):385-394.

Beven, K., and P. Germann. 1982. Macropores and water flow in soils. Water Resour. Res.
18(5):1311-1325.

Brooks, R.H., and C.T. Corey. 1964. Hydraulic properties of porous media. Hydrol. Paper 3,
Colorado State University, Fort Collins.

Burdine, N.T. 1953. Relative permeability calculation from pore size distribution data. Petr.
Trans. Am. Inst. Min. Metall. Eng. 198:71-77.

Burke, W., D. Gabriels, and J. Bouma. 1986. Soil Structure Assessment. Rotterdam, The
Netherlands, Balkema.

Chakraborty, D., R.N. Garg, R.K. Tomar, B.S. Dwivedi, P. Aggarwal, R. Singh, U.K. Behera,
A. Thangasamy, and D. Singh, 2010. Soil physical quality as influenced by long-term
application of fertilizers and manure under maize-wheat system. Soil Sci. 175:128-136.

Chauvel, A., M. Grimaldi, and D. Tessier. 1991. Changes in pore-space distribution following
deforestation and revegetation: an example from the Central Amazon Basin, Brazil. For.
Ecol. Manage. 38:259-271.

Dane, J.H., and J.W. Hopmans. 2002. Water retention and storage: laboratory. In J.H. Dane
and G.C. Topp, editors, Methods of Soil Analysis, Physical Methods, Part 4, third ed.,
Madison, Wis., Soil Science Society of America. p. 688-692.

de Jong van Lier, Q. 2014. Revisiting the S-index for soil physical quality and its use in
Brazil. R. Bras. C. Solo 38:1-10.

Dexter, A.R. 2004. Soil physical quality. Part I: theory, effects of soil texture, density, and

organic matter, and effects on root growth. Geoderma 120:201-214.

33
5585 Guilford Rd., Madison WI 53711



803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

Soil Science Society of America Journal

Dexter, A.R., and E.A. Czyz. 2007. Applications of S-theory in the study of soil physical
degradation and its consequences. Land Degrad. Dev. 18:369-381.

Di Prima, S., L. Lassabatere, V. Bagarello, M. Tovino, and R. Angulo-Jaramillo. 2015.

Testing a new automated single ring infiltrometer for Beerkan infiltration experiments.

Geoderma, 262:20-34. doi: 10.1016/j.geoderma.2015.08.006.

Dissmeyer, G.E., and G.R. Foster. 1981. Estimating the cover-management factor (C) in the
universal soil loss equation for forest conditions. J. Soil Water Conserv. July-August,
235-240.

Fernandez-Ugalde, O., I. Virto, P. Bescansa, M.J. Imaz, A. Enrique, and D.L. Karlen. 2009.
No-tillage improvement of soil physical quality in calcareous, degradation-prone,

semiarid soils. Soil Till. Res. 106(1):29-35.

Gee, G.W., and J.W. Bauder. 1986. Particle-size analysis. In A. Klute, editor, Methods of Soil

Analysis. Part 1, 2nd ed, ASA and SSSA, Madison, WI, USA. p. 383-411.

Germer S., C. Neill, A.V. Krusche, and H. Elsenbeer. Influence of land-use change on near-
surface hydrological processes: Undisturbed forest to pasture. J. Hydrol. 380:473-480.

Glab, T. 2014. Effect of soil compaction and N fertilization on soil pore characteristics and
physical quality of sandy loam soil under red clover/grass sward. Soil Till Res. 144:8-
19.

Glab, T., P. Kacorzyk, and T. Zaleski. 2009. Effect of land management in mountainous
regions on physical quality of sandy loam Haplic Cambisol soil. Geoderma 149:298-

304.

Gonzalez-Sosa, E., I. Braud, J. Dehotin, L. Lassabatére, R. Angulo-Jaramillo, M. Lagouy, F.

Branger, C. Jacqueminet, S. Kermadi, and M. Michel. 2010. Impact of land use on the
hydraulic properties of the topsoil in a small French catchment. Hydrol. Process.

24:2382-2399.

34

5585 Guilford Rd., Madison WI 53711

Page 34 of 57



Page 35 of 57

828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851

852

Soil Science Society of America Journal

Hassler, S.K.,B. Zimmermann, M. van Breugel, J.S. Hall, and H. Elsenbeer. 2011. Recovery
of saturated hydraulic conductivity under secondary succession on former pasture in the
humid tropics. For. Ecol. Manage. 261(10):1634-1642.

Haverkamp, R., D. Debionne, P. Viallet, R. Angulo-Jaramillo, and D. de Condapa. 2005. Soil
properties and moisture movement in the unsaturated zone. In J.W. Delleur, editor, The
Handbook of Groundwater Engineering, CRC Press, Boca Raton, Fla. p. 1-59.

Hillel, D. 1998. Environmental soil physics. Academic Press, San Diego, 771 pp.

Hofmann, A., R. Cibella, R. Bertani, M. Miozzo, 1. Fantoni, and S. Luppi, editors. 2011.
Strumenti conoscitivi per la gestione delle risorse forestali della Sicilia. Sistema
informativo forestale (Information tools for the management of forest resources of
Sicily. Forest information system). Regione Siciliana, Litograf Editor S.R.L., Citta di
Castello, Perugia, Italia. pp. 208 (in Italian).

Iovino, M., M. Castellini, V. Bagarello, G. Giordano 2013. Using static and dynamic
indicators to evaluate soil physical quality in a Sicilian area. Land Degrad. Dev.

http://onlinelibrary.wiley.com/doi/10.1002/1dr.2263/pdf.

Jarvis, N., A. Etana, and F. Stagnitti. 2008. Water repellency, near-saturated infiltration and
preferential solute transport in a macroporous clay soil. Geoderma 143:223-230.

Jennings, S.B., N.D. Brown, and D. Sheil. 1999. Assessing forest canopies and understorey
illumination: canopy closure, canopy cover and other measures. Forestry. 72(1):59-74.

Keller, T., J. Arvidsson, and A.R. Dexter. 2007. Soil structures produced by tillage as affected
by soil water content and the physical quality of soil. Soil Till. Res. 92(1-2):45-52.

Kemper, W.D. 1965. Aggregate stability, Methods of soil analysis, Part. I, C.A. Black, Am.
Soc. Agron., Madison, Wisconsin.

Kemper, W.D., and R.C. Rosenau. 1986. Aggregate stability and size distribution. Methods of

soil analysis, Part. [ ed. (1986), A. Klute, Am. Soc. Agron., ISSS, Madison, Wisconsin.

35
5585 Guilford Rd., Madison WI 53711



853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

Soil Science Society of America Journal

Kutlu, T., and S. Ersahin. 2008. Evaluation of soil physical quality in mollic ustifluvent, typic
ustifluvent and typic ustorthent using Dexter’s S-theory. Food, Agriculture and
Environment (JFAE). 6:450-455.

Lassabatere, L., R. Angulo-Jaramillo, J.M. Soria Ugalde, R. Cuenca, 1. Braud, and R.
Haverkamp. 2006. Beerkan estimation of soil transfer parameters through infiltration
experiments — BEST. Soil Sci. Soc. Am. J. 70:521-532, doi: 10.2136/ss52j2005.0026.

Lassabatére L., S. Loizeau, R. Angulo-Jaramillo, T. Winiarski, Y. Rossier, C. Delolme, and
J.P. Gaudet. 2012. Influence of the initial soil water content on Beerkan water
infiltration experiments. Geophysical Research Abstracts, Vol.14, EGU2012-2278-2,
EGU General Assembly.

Lee, D.M., W.D. Reynolds, D.E. Elrick, and B.E. Clothier. 1985. A comparison of three field
methods for measuring saturated hydraulic conductivity. Can. J. Soil Sci. 65:563-573.

Li, L., K.Y. Chan, Y. Niu, G. Li, A. Oates, A. Dexter, and G. Huang. 2011. Soil physical
qualities in an Oxic Paleustalf under different tillage and stubble management practices
and application of S theory. Soil Till. Res. 113(2):82-88.

MAF-ISAFA. 1985. Inventario Forestale Nazionale 1985. Sintesi metodologica e risultati.
(National Forest Inventory 1985. Synthesis of methodology and results). Ministero
Agricoltura e Foreste, Istituto Sperimentale per I’ Assestamento Forestale e
I’ Alpicoltura, Trento, Italia. pp.464 (in Italian).

Martinez, L.J., and J.A. Zinck. 2004. Temporal variation of soil compaction and deterioration
of soil quality in pasture areas of Colombian Amazonia. Soil Till. Res. 75:3-17.

McGaughey, R., 1997. Visualizing forest stand dynamics using the stand visualization
system. In: Proceedings of the 1997 ACSM/ASPRS Ann. Conv. and Exp., April 1997,
Seattle, WA, vol. IV, Am. Soc. for Photogrammetry and Remote Sensing, Bethesda,

MD, pp. 248-257.

36
5585 Guilford Rd., Madison WI 53711

Page 36 of 57



Page 37 of 57

878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901

902

Soil Science Society of America Journal

Moebius, B.N., H.M. van Es, R.R. Schindelbeck, O.J. Idowu, D.J. Clune, and J.E. Thies.
2007. Evaluation of laboratory-measured soil properties as indicators of soil physical
quality. Soil Sci, 172(11):895-912.

Mohanty, B.P., M.D. Ankeny, R. Horton, and R.S. Kanwar. 1994. Spatial analysis of
hydraulic conductivity measured using disc infiltrometers. Water Resour. Res. 30:2489-
2498.

Mubarak, 1., J.C. Mailhol, R. Angulo-Jaramillo, P. Ruelle, P. Boivin, and M. Khaledian. 2009.
Temporal variability in soil hydraulic properties under drip irrigation. Geoderma
150:158-165.

Nasta, P., L. Lassabatere, M.M. Kandelous, J. Simtinek, and R. Angulo-Jaramillo. 2012.
Analysis of the role of tortuosity and infiltration constants in the Beerkan method. Soil
Sci. Soc. Am. J. 76:1999-2005.

Niemeyer, J., A.K. Fremiera, R. Heinsec, W. Chavezd, and F.A.J. DeClerck. 2014. Woody
vegetation increases saturated hydraulic conductivity in dry tropical Nicaragua. Vadose
Zone J. doi:10.2136/vzj2013.01.0025.

Pulido Moncada, M., B.C. Ball, D. Gabriels, D. Lobo, and W.M. Cornelis. 2015a. Evaluation
of soil physical quality index S for some tropical and temperate medium-textured soils.
Soil Sci. Soc. Am. J. 79:9-19.

Pulido Moncada, M., D. Gabriels, W. Cornelis, and D. Lobo. 2015b. Comparing aggregate
stability tests for soil physical quality indicators. Land Degrad. Dev. 26:843-852.

Rawls, W.J., A. Nemes, and Y.A. Pachepsky. 2005. Effect of soil organic matter on soil
hydraulic properties. In Y.A. Pachepsky and W.J. Rawls, editors, Development of
Pedotransfer Functions in Soil Hydrology. Elsevier, Amsterdam-New York. p. 95-114.

Reynolds, W.D., D.E. Elrick, and E.G. Youngs. 2002. 3.4.3.2.a Single-ring and double- or

concentric-ring infiltrometers. In: J.H. Dane and G.C. Topp, editors, Methods of Soil

37
5585 Guilford Rd., Madison WI 53711



903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

Soil Science Society of America Journal Page 38 of 57

Analysis: Part 4. Physical Methods, Number 5 in the Soil Science Society of America
Book Series, Soil Science Society of America, Inc.: Madison, WI. p. 821-826.

Reynolds, W.D., B.T. Bowman, C.F. Drury, C.S. Tan, and X. Lu. 2002. Indicators of good
soil physical quality: density and storage parameters. Geoderma, 110:131-146.

Reynolds, W.D., C.F. Drury, X.M. Yang, C.A. Fox, C.S. Tan, and T.Q. Zhang. 2007. Land
management effects on the near-surface physical quality of a clay loam soil, Soil Till.
Res. 96:316-330.

Reynolds, W.D., C.F. Drury, C.S. Tan, C.A. Fox, and X.M. Yang. 2009. Use of indicators and
pore volume-function characteristics to quantify soil physical quality. Geoderma,
152:252-263.

Reynolds, W.D., C.F. Drury, X.M. Yang, C.S. Tan, and J.Y. Yang. 2014. Impacts of 48 years
of consistent cropping, fertilization and land management on the physical quality of a
clay loam soil. Can. J. Soil Sci. 94(3):403-419. doi: 10.4141/CJSS2013-097.

Reynolds, W.D., C.F. Drury, C.S. Tan, and X.M. Yang. 2015. Temporal effects of food waste
compost on soil physical quality and productivity. Can. J. Soil Sci. 95(3):251-268. doi:
10.4141/CJSS-2014-114.

Somaratne, N.M., and K.R.J. Smettem. 1993. Effect of cultivation and raindrop impact on the
surface hydraulic-properties of an Alfisol under wheat. Soil Till. Res. 26:115-125.

Stavi, 1., R. Lal. 2011. Variability of soil physical quality and erodibility in a water-eroded
cropland. Catena 84:148-155.

Timlin, D.J., L.R. Ahuja, and M.D. Ankeny, 1994. Comparison of three field methods to
characterize apparent macropore conductivity. Soil Sci. Soc. Am. J. 58:278-284.

Topp, G.C., W.D. Reynolds, F.J. Cook, J.M. Kirby, and M.R. Carter M.R. 1997. Physical

attributes of soil quality. In: E.G. Gregorich and M.R. Carter, editors, Soil Quality for

38
5585 Guilford Rd., Madison WI 53711



Page 39 of 57

927
928
929
930
931
932
933
934
935
936
937
938
939

940

Soil Science Society of America Journal

Crop Production and Ecosystem Health. Development in Soil Science, vol. 25. Elsevier,
New York, NY. p.21-58.

van Genuchten, M.Th. 1980. A closed-form equation for predicting the hydraulic conductivity
of unsaturated soil. Soil Sci. Soc. Am. J. 44:892-898.

Watson, K., and R. Luxmoore. 1986. Estimating macroporosity in a forest watershed by use
of a tension infiltrometer. Soil Sci. Soc. Am. J. 50:578-582.

Yilmaz, D., L. Lassabatére, R. Angulo-Jaramillo, D. Deneele, and M. Legret. 2010.
Hydrodynamic characterization of basic oxygen furnace slag through an adapted BEST
method. Vadose Zone J. 9:1-10.

Zimmermann, B., H. Elsenbeer, and J.M. De Moraes. 2006. The influence of land-use
changes on soil hydraulic properties: Implications for runoff generation. Forest Ecol.

Manag. 222(1-3):29-38.

39
5585 Guilford Rd., Madison WI 53711



941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

Soil Science Society of America Journal Page 40 of 57

FIGURE CAPTIONS

Fig. 1. Location of a) the study area and b) the sampling plots in the study area

Fig. 2. Frequency distribution of shoots in DBH classes

Fig. 3. Relationship between the S index and a) dyedian, b) dnode, and ) dyiean

Fig. 4. Relationship between the S index and the dry soil bulk density, ps

Fig. 5. Relationship between relative field capacity, RF'C, and air capacity, AC: a)
experimentally determined relationship and b) determination of the AC values corresponding

to optimal conditions in terms of RFC

Fig. 6. Comparison between the vGB (van Genuchten — Burdine) and vGM (van Genuchten —
Mualem) water retention models: a) sum of squared residuals, SSR, and b) plot of relative

errors, RE, against the measured soil water content, 6

Fig. 7. Comparison between the capacity based indicator estimates obtained by fitting the
vGB (van Genuchten — Burdine) and vGM (van Genuchten — Mualem) water retention
models to the laboratory data: a) air capacity, 4C (m’m™), b) plant available water capacity,

PAWC (m’m™), ¢) relative field capacity, RFC (-), and d) macroporosity, Pyc (m’m™)

Fig. 8. Difference between the estimates of a given indicator (air capacity, AC in m’m”, plant
available water capacity, PAWC in m’m”, relative field capacity, RFC, and macroporosity,

Pyuc in m*m™) obtained by fitting the vGB (van Genuchten — Burdine) and vGM (van
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966  Genuchten — Mualem) water retention models to the laboratory data plotted against the sum of
967  squared residuals for the vGB model, SSR(vGB)
968

969
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Table 1. Main characteristics of the sampling plots

Sampling | Surface Stand Tree Year of Age of new
plot area structure composition felling stools
(m’)
Al 1260 Coppice with Quercus ilex 2013 1 year-old
standard Q. pubesces
Fraxinus ornus
A2 710 Coppice with Quercus ilex 2009 6 year-old
standard Q. pubesces
Fraxinus ornus
A3 310 Coppice with Quercus ilex 1993 20 year-old
standard Q. pubesces
Fraxinus ornus
A4 310 Coppice with Quercus ilex 1973 40 year-old
standard Q. pubesces
A5 1000 pasture / / /
42
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Table 2. Meaning of the considered soil physical quality indicators and suggested evaluation

criteria
Indicator Meaning Evaluation criterion Reference
Bulk density, p, (Mg | Indicator of aeration, strength, and | Optimal if 0.9 < p, < 1.2; Reynolds et
m?) ability to store and transmit water | intermediate if 1.2 < p, < 1.30; al. (2009)
poor if p, > 1.30 or p, < 0.9;
medium to fine textured soils
Organic carbon Strong indirect effects on soil Optimal if 3 <0OC<5; Reynolds et
content, OC (% by physical quality intermediate if 2.3 <OC<3 or 5< | al. (2009)
weight) OC < 6; poor if OC>60r<2.3
Saturated soil Soil’s ability to imbibe and Optimal if 18 < K, < 180; Reynolds et
hydraulic transmit plant-available water to intermediate if 180 < K < 360 or al. (2014)
conductivity, K, (mm | the crop root zone as well as drain | 3.6 < K, < 18; poor if K; > 360 or
h'l), excess water out of the root zone < 3.6; humid climates
Air capacity, AC Root zone aeration Good if > 0.14 and limited if < Reynolds et
(m’m™) 0.14; sandy loam to clay loam al. (2009)
soils
Plant available water | Soil’s ability to store and provide Ideal if > 0.20; good if 0.15 < Reynolds et
capacity, PAWC water that is available to plant PAWC < 0.20; limited if 0.10 < al. (2009)
(m’m™) roots PAWC < 0.15; poor if PAWC <
0.10
Relative field Soil’s ability to store water and air | Optimal if 0.6 < RFC < 0.7; water | Reynolds et
capacity, RFC (-) relative to the soil’s total pore limited soil if RFC < 0.6; aeration | al. (2009)
volume limited soil if RFC > 0.7; rain-fed
agriculture on mineral soils
Macroporosity, Py | Soil’s ability to quickly drain Optimal if Py > 0.07; Reynolds et
(m3m'3) excess water and facilitate root intermediate if 0.04 < Py, < 0.07; | al. (2009)
proliferation limited if Pyyc < 0.04
edian (L) Location parameter (central Optimal if 3 < d,egian < 7; nON- Reynolds et
tendency) of the pore volume optimal in the other cases al. (2009)
distribution
ode (LM) Location parameter (central Optimal if 60 < d,,,4. < 140; non- Reynolds et
tendency) of the pore volume optimal in the other cases al. (2009)
distribution
dyean (UM) Location parameter (central Optimal if 0.7 < d,¢4, < 2; non- Reynolds et
tendency) of the pore volume optimal in the other cases al. (2009)
distribution
SD Spread of the pore volume Optimal if 400 < SD < 1000; non- | Reynolds et
distribution optimal in the other cases al. (2009)
SK Asymmetry of the pore volume Optimal if SK varying from -0.43 Reynolds et
distribution to -0.41; non-optimal in the other al. (2009)
cases
KU Peakedness of the pore volume Optimal if 1.13 < KU < 1.14; non- | Reynolds et
distribution optimal in the other cases al. (2009)
S Slope of the gravimetric water Very good if S > 0.050; good if Dexter and
content vs. natural logarithm of 0.035 < §<0.050; poor if 0.020 < | Czyz, 2007
tension head at the inflection point | §<0.035; very poor if § < 0.020;
temperate and tropical soils
43
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Area | Species Number of | Number of | Number of | mean n. shoots per | Number of Dn Hn |Gha' | Vha'
stools ha™ shoots ha” | individuals | stool/ha standards ha™ (cm) | (m) (mzha' (m3 ha’
ha™ (%) ) )
Al Q. ilex 1200 18507 62.6 15 56 14.9 | 10.2 1.0 5.1
Q.pubescens 380 2799 14.0 7 72 25.7 | 11.7 3.7 18.8
F. ornus 1000 9144 23.4 9 80 13.9 | 10.4 1.2 6.8
Total 2580 30450 100,0 206.9 5.9 30.7
A2 Q. ilex 1066 15216 61.5 14 113 21.0| 12.7 3.9 18.6
Q.pubescens 238 1170 6.9 5 141 35.7 | 13.5 14.1 69.4
F. ornus 1000 10358 31.7 10 42 15.1 | 12.4 0.8 5.2
Total 2304 26744 100,0 297.1 18.8 93.1
A3 0. ilex 1210 4488 60.3 4 84| 7.3 25.0 113.1
Q.pubescens 95 255 34 3 16.8 | 8.1 5.6 24.8
F. ornus 1050 2706 36.3 3 70| 6.7 10.4 42.8
Total 2355 7448 100,0 41.0 180.6
A4 0. ilex 1496 3820 92.3 3 12.4 | 10.6 46.2 255.8
QO.pubescens 286 318 7.7 1 24.6 | 13.8 15.2 82.2
Total 1783 4138 100,0 338.0
44
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984  Table 4. Summary statistics of the basic soil properties at the five sampling areas

985
Variable Statistic | Al A2 A3 A4 A5
Slope steepness (%) | Mean 56.6 55.3 59.3 48.2 27.3
Clay (%) N 10 10 10 10 10

Mean | 17.2ab | 14.9a | 22.0b | 21.2b | 29.5¢c
CV (%) | 230 | 419 8.2 14.2 23.0
Silt (%) N 10 10 10 10 10

Mean | 37.5a | 35.2a | 34.5a | 37.5a | 43.7b
CV (%) | 153 12.9 5.8 8.7 9.9
Sand (%) N 10 10 10 10 10

Mean | 45.3ab | 49.9a | 43.4b | 41.2b | 26.8c
CV (%) | 10.7 7.2 5.1 8.9 30.3
Py (g cm'3) N, 20 20 20 20 20

Mean | 0.914a | 0.892a | 0.863a | 0.785a | 1.142b
CV (%) | 245 15.8 20.0 24.4 10.7
OM (%) N 7 7 7 7 7

Mean | 13.3ab | 13.1ab| 16.8a | 17.7a | 10.8b
CV (%) | 243 20.9 26.6 28.0 12.0
WSA N 5 5 5 5 5

Mean | 0.159a | 0.131a | 0.231a | 0.248a | 0.219a
CV (%) | 313 19.7 18.0 35.1 48.0
986 N, =sample size; CV = coefficient of variation; p, = dry soil bulk density; OM = organic
987  matter content; WSA = fraction of water stable aggregates. For a given variable, means
988  followed by the same letter are not significantly different according to the Tukey Honestly
989  Significant Difference test (P = 0.05).

990
991
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Table 5. Soil physical quality of the five sampling areas assessed by using different indicators
and measurement methods of the hydraulic properties

Indicator | Method Al A2 A3 A4 A5
o LAB Optimal Poor Poor Poor Optimal
oC LAB Poor Poor Poor Poor Poor
K BEST Optimal Optimal Poor Intermediate Optimal
AC BEST Good Good Good Good Good
LAB Good Good Good Good Limited
= # = = #
PAWC BEST Ideal Good Good Good Good
LAB Ideal Ideal Good Ideal Ideal
= # = = #
RFC BEST Optimal Water limited Optimal Water limited Optimal
LAB Optimal Optimal Water limited | Water limited | Aeration limited
= = = = #
Pmac BEST Optimal Optimal Optimal Optimal Optimal
LAB Intermediate | Intermediate | Intermediate Optimal Limited
= # # = #
dinedian LAB Non-optimal | Non-optimal | Non-optimal | Non-optimal Optimal
dinode LAB Optimal Optimal Optimal Non-optimal Non-optimal
dinean LAB Non-optimal | Non-optimal | Non-optimal | Non-optimal Optimal
SD LAB Non-optimal | Non-optimal | Non-optimal | Non-optimal Optimal
SK LAB Non-optimal | Non-optimal | Non-optimal | Non-optimal Non-optimal
KU LAB Non-optimal | Non-optimal | Non-optimal | Non-optimal Non-optimal
S LAB Very good Very good Very good Very good Very good

pp = dry soil bulk density; OC = organic carbon content; K = saturated soil hydraulic
conductivity; AC = air capacity; PAWC = plant available water capacity; RFC = relative field
capacity; Pyc = macroporosity; duedian, Amode a0d dyeqn = median, modal and mean equivalent

pore diameter, respectively; SD, SK and KU = standard deviation, skewness and kurtosis,
respectively, of the pore volume distribution function; S = soil physical quality index by

Dexter (2004). LAB = laboratory method; BEST = field procedure of soil hydraulic

characterization. The symbols “#” or

tailed t test (P = 0.05).

__%
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indicate that, for a given area/indicator combination,
the two datasets were or were not significantly different, respectively, according to a two-
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Table 6. Summary statistics of the indicators obtained for each sampling area by the
laboratory measured water retention data

Suite of | Indicator | Statistic Al A2 A3 A4 1A89
indicators
Capacity AC Mean 0.216ab | 0.203ab | 0.235b | 0.302b | 0.128a

based | (m’m®) | CV (%) | 359 30.5 214 | 370 | 39.1
PAWC | Mean | 0.212a | 0.239a | 0.195a | 0.200a | 0.227a

(m3m'3) CV (%) 14.9 16.6 28.0 18.8 18.1
RFC Mean 0.627a 0.656a | 0.593a | 0.552a | 0.774b
CV (%) 15.8 13.0 11.0 18.5 10.6

Pyac | Mean | 0.058ab | 0.048ab | 0.048ab | 0.114b | 0.031a
(m’'m>) [ CV (%) | 885 96.5 58.2 940 | 81.8

Location dimedian Mean 24 .6ab 15.1a 34.6ab 54.0b 3.12a
and (um) CV (%) 58.6 69.5 84.0 94.0 74.8
shape dimode Mean 85.1a 78.8a 74.5a 250.5a 37.4a
parameters (um) CV (%) 87.0 116.0 52.8 181.0 88.8
dinean Mean 14.9ab 9.76ab 26.3b 30.6b 1.41a
(um) CV (%) 60.9 89.6 103.4 86.5 108.4

SD Mean 37.3a 234.6a 33.3a 48.6a 741.7a
CV (%) 98.7 2423 154.7 116.7 172.8
SK Mean | -0.320ab | -0.329ab | -0.286b | -0.333ab | -0.392a

CV (%) | -18.0 -23.7 -27.0 -14.3 -13.6
KU Mean 1.153b | 1.148ab | 1.150b | 1.153b | 1.14la
CV (%) 0.32 0.72 0.58 0.44 0.91

Dexter’s S Mean | 0.103ab | 0.100ab | 0.120b | 0.129b | 0.057a
theory CV (%) | 42.1 43.6 33.6 31.1 27.9

Sample size Ny =10 for areas Al, A3, A4 and AS and N, =9 for area A2. AC = air capacity;
PAWC = plant available water capacity; RFC = relative field capacity; Py c = macroporosity;
Amedians Amode aNA dyeqn, = median, modal and mean equivalent pore diameter, respectively; SD,
SK and KU = standard deviation, skewness and kurtosis, respectively, of the pore volume
distribution function; S = soil physical quality index by Dexter (2004). For a given variable,
means followed by the same letter are not significantly different according to the Tukey
Honestly Significant Difference test (P = 0.05).
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1019  Table 7. Summary statistics of the initial soil water content, 0;, and the indicators obtained for
1020  each sampling area by the BEST procedure of soil hydraulic characterization
1021

Variable Statistic Al A2 A3 A4 AS
0; (m’m>) N 20 20 20 20 20
Mean | 0.189a | 0.182a | 0.186a | 0.265 | 0.134a
CV (%) | 50.3 40.6 26.0 19.4 24.5
K (mm h™) N, 16 14 12 13 20
Mean 93.0a | 106.0a | 412.9b | 321.4bc | 129.1ac
CV (%) | 154.1 91.1 90.4 163.1 122.6
Ky (mm h™) N, 16 14 12 13 20
Mean 5.53a 1.53a 2.54a 2.35a 3.11a
CV (%) | 338.6 |36202.5| 284.3 364.4 | 4253.8
AC (m’m”) N, 16 14 12 13 20
Mean | 0.244ab | 0.284b | 0.268ab | 0.290b | 0.223a
CV (%) 17.1 25.6 12.6 17.0 25.2
PAWC (mm”) | N 16 14 12 13 20
Mean | 0.205b | 0.196ab | 0.180ab | 0.190ab | 0.169a
CV (%) 14.0 20.5 10.0 12.4 13.5
RFC N 16 14 12 13 20
Mean | 0.624a | 0.569a | 0.612a | 0.587a | 0.610a
CV (%) 10.3 19.4 7.9 10.6 14.0
Ppiac (m’m™) N, 16 14 12 13 20
Mean | 0.096a | 0.137a | 0.146a | 0.155a | 0.103a
CV (%) | 50.1 71.7 27.9 38.7 65.2
1022 N, = sample size; CV = coefficient of variation; K = saturated soil hydraulic conductivity; K,,
1023 = saturated hydraulic conductivity of matrix pores; AC = air capacity; PAWC = plant available
1024  water capacity; RFC = relative field capacity; Py4c = macroporosity. For a given variable,
1025  means followed by the same letter are not significantly different according to the Tukey
1026  Honestly Significant Difference test (P = 0.05).
1027
1028
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Table 8. Parameters of the regression between the estimates of different indicators obtained
by fitting the vGB (van Genuchten — Burdine) and vGM (van Genuchten — Mualem) models

to the laboratory water retention data

Indicator

vGB vs. vGM regression

Intercept | Slope R’ 95% confidence 95% confidence
interval for the interval
intercept for the slope
AC (m’'m™) 0.0006 | 0.9785 | 0.7021 -0.043 — 0.045 0.79-1.17
PAWg (m’m | 0.0836 |0.6769 | 0.6590 0.052-0.115 0.53-0.82
)

RFC 0.0105 |0.9989 | 0.9217 -0.045 - 0.066 0.91-1.08
Pyiac (m’m™) | 0.0082 | 0.8318 ] 0.3713 -0.020 - 0.036 0.51-1.15

Sample size for given indicator, Ny = 49. All coefficients of correlation, R, were significantly
greater than zero according to a one-tailed t test (P = 0.05)
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Figure 1

a)

Madonie Mts.

A1l Coppice (felling in 2013)
A2 Coppice (felling in 2009)
A3 Coppice (felling in 1993)

A4 Coppice (felling in 1973)

A5 Pasture
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Figure 2
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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