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Soil hydraulic conductivity and root distribution represent two important parameters 
toward the engineering applications, ranging from quantification of hydrological 
and geotechnical processes (e.g., water runoff, shallow landslides) to agricultural 
management and forestry practices. To investigate the relationship among 
these soil parameters, two study areas located in Italy (Garfagnana, Tuscany) 
and Switzerland (Zollikofen, Bern) were selected. Root Area Ratio (RAR) and soil 
saturated hydraulic conductivity (Ks) data were collected through the application 
of the trench method and the constant hydraulic head (Aardwark permeameter) 
and falling-head methods, respectively. Results highlight that Root Area Ratio 
concentrates in the first soil layers and decreases sharply following deeper layers. 
Root Area Ratio and soil saturated hydraulic conductivity show positive linear 
correlation that depends on the forest station. Our results support the hypothesis 
that the presence of roots represent a key factor in preferential infiltration and, 
therefore, hydrological models applied for the runoff modelling, slope stability 
and soil erosion can be  improved considering the spatial distribution of roots 
derived by field measurement and/or remote sensing data.
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1 Introduction

Soil saturated hydraulic conductivity (Ks) plays a relevant role toward hydrological and 
geotechnical processes. Focusing on the first one, saturated hydraulic conductivity affects 
surface water cycle and influences groundwater recharge (Pandey and Pandey, 1982; Liu et al., 
2019; Ledford et al., 2020). Indeed, saturated hydraulic conductivity represent a fundamental 
input for any groundwater–land surface model, playing a crucial role in accurately simulating 
groundwater–land surface interactions and constituting a component in the equations 
governing water and energy balances (Kendrick et al., 2023; Lu et al., 2024; Banwart et al., 
2019). It is also a crucial parameter in geotechnical or geological engineering due to their 
influence on slope stability and flood protection.
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While the correlation between slope deposits features and 
saturated hydraulic conductivity (Ks) is well established (Archer et al., 
2002), the effect exerted by vegetation and related products (organic 
matter input, litter quality, decomposition rates, and biogeochemical 
interactions) on Ks is still under debate (Hao et al., 2019). Indeed, soil 
organic matter input produced by degraded vegetation influences 
hydraulic conductivity in contrasting ways. It can improve Ks by 
enhancing soil structure, aggregation, and pore formation, boosting 
water infiltration and reducing runoff (Colombi et al., 2018). On the 
other hand, high organic matter concentrations may clog pores, 
reduce porosity, and form compacted layers, hindering water flow—
especially in clay-rich soils (Gupta et  al., 2024). Biogeochemical 
interactions carried out by microbial activity can selectively reduce Ks 
through the clogging of high permeability soil layers with the 
production of a biofilm (the so-called Bio-clogging effect) (Chen et al., 
2021; Gupta et al., 2024). The positive correlation between litter layer 
thickness and saturated hydraulic conductivity implies that the litter 
layer may preserve favorable surface and microclimatic conditions 
(e.g., humidity and temperature). These conditions likely help sustain 
soil pore functionality, thereby enhancing water conduction (Basile 
et al., 2003; Marín-Castro et al., 2017).

Focusing on roots, below-ground vegetation influences Ks 
through physical and biological pathways. Physical mechanisms 
include the physical modification of the soil structure through the 
macropore formation [root growth creates macropores (> 30 μm 
diameter)], enhancing saturated hydraulic conductivity (Lipiec et al., 
2012; Ma et  al., 2024) and the root-shrink-swell cycles, in which 
modifications of radial pressures of roots produce cracking of clay 
soils, resulting in an increase of soil porosity during wet and dry cycles 
(Carminati et al., 2013). Regarding biological action, root exudates (a 
gel-like secretion called mucilage) can alter pore connectivity through 
a surfactant action that improves water retention in dry soils (Kroener 
et al., 2018; Lucas et al., 2019) and a pore-clogging effect (Benard et al., 
2016). Even the microbial interactions with mycorrhizal fungi must 
be considered due to the stabilizing effects toward aggregates (Rillig 
and Mummey, 2006). On the other hand, dead roots can either 
increase Ks by forming preferential flow paths (Ghestem et al., 2014; 
Lu et al., 2020) and decrease Ks if residues occupy pores (Chen et al., 
2021; Lu et al., 2020).

The study of the relationship between root and saturated hydraulic 
conductivity has several implications and applications, ranging from 
climate studies to agricultural management agroforestry practices can 
optimize root-induced Ks (Basche and DeLonge, 2019; Shao et al., 
2017) and modeling challenges. Focusing on the last point, often the 
hydrological models adopted do not consider rhizosphere processes 
(Vereecken et al., 2022). These uncertainties are compounded also by 
the fact that Ks represents one of the most spatially variable soil 
parameters (Fodor et al., 2011; Das gupta et al., 2006; Eynard et al., 
2004). Indeed, the measurement of this parameter into the field is 
difficult and always involves a certain degree of uncertainty due to the 
scale (volume of the investigated soil) and the techniques adopted. 
Same consideration can be extended for the below-ground structures 
of vegetation. In this context, also the comparison between different 
permeability tests still represents a challenging topic due to the 
different costs in terms of time, equipment and/or laboratory 
availability. Indeed, several different approaches can be taken into 
consideration in order to determine the soil hydraulic conductivity. 
Each method yields different estimates of this soil property that can 

be combined with the knowledge of soil moisture retention curves, 
from which predictions can then be made for the water flow under 
transient unsaturated conditions. For what is stated above, it is 
necessary to carry out research specifically aimed at investigating the 
relationship between root distribution and saturated hydraulic 
conductivity. Indeed, while vegetation roots are recognized for their 
role in slope stability (Deljouei et al., 2023; Giadrossich et al., 2017; 
Keybondori et al., 2025; Cislaghi et al., 2017), their influence on 
hydraulic conductivity remains poorly understood, with limited 
studies addressing this gap (Hao et al., 2019; Vergani and Graf, 2016; 
Xiao et al., 2024). Since Ks exhibits high spatial variability in slope 
deposits due to methodological and scale-related uncertainties (Fodor 
et  al., 2011), our research employs a stand-scale data collection 
strategy, ensuring the sampled volume reflects the representative 
elementary volume (REV) of rooted slope deposits (Bagarello and 
Iovino, 2010). Therefore, the objectives of this work are to test: (1) 
whether differences in root distribution affect soil saturated hydraulic 
conductivity (Ks) across different soil depths and (2) how changes in 
soil Ks and root distribution might be associated with the distance 
from a tree. To answer these questions an intensive field survey was 
carried out in the Garfagnana basin (Northern Tuscany, Italy) and in 
the HAFL forest in Zollikofen (Bern, Switzerland) in which root 
distribution analysis (carried out through the application of the trench 
method and soil sampling) and hydraulic conductivity tests [falling-
head and constant head (Aardwark permeameter) tests] were applied.

2 Materials and methods

2.1 Study areas

Study areas correspond to the Garfagnana valley located in 
Northern Tuscany (Italy) (Figure 1) and the HAFL forest (Zollikofen, 
Switzerland, Figure  2). Garfagnana study area extends for about 
240 km2 along the Serchio River valley, parallel to the eastern margin 
of the Alpi Apuane and the Northern Apennines Ridge. About 81% of 
the study area is covered by forests, which are mainly represented by 
the chestnut forests (Vacchiano et al., 2017; Marzini et al., 2023). Due 
to the shielding action provided by the Alpi Apuane, heavy rainy 
events are frequent within the study area: as an example, on 19 June 
1996 an extreme rainy event (474 mm/12 h, with maximum peaks of 
158 mm/1 h) triggered many shallow landslides in the regional 
catchment area of the Versilia River and the Garfagnana area (Preti 
et al., 2025). Such study area has been extensively studied in terms of 
roots and shallow landslides distribution (D’Addario, 2022; Marzini 
et al., 2023b) and, in this context, Garfagnana valley includes a variety 
of soils, reflecting in turn the geological complexity that includes all 
the tectonic units that make up the Northern Apennines (Puccinelli 
et  al., 2014). The table included into the Supplementary material 
shows the textural features, porosity, and depth classification (slope 
deposit-SD classes with a depth range equal to 30 cm) related to 
measurement sites. Moreover, a simplified classification system based 
on USCS guidelines has been applied. This classification system can 
be described as follows:

	•	 Class G: gravelly SD (> 50% retained at 0.075 mm sieve), % gravel 
> % sand (GC-GM, GW, GC, GM, GP-GC, and GP-GM 
USCS classes);
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FIGURE 1

Measurement sites distribution in the Garfagnana study area (coordinate system: WGS84 UTM 32 N).

FIGURE 2

Acquisition data strategy scheme related to root distribution and Ks measurement tests carried out in the HAFL forest study area.
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	•	 Class S: sandy SD (> 50% at 0.075 mm sieve), % gravel ≤ % sand 
(SC-SM, SM-SC, SM, and SW-SM USCS classes);

	•	 Class F: fine grained SD (≤ 50% at 0.075 mm sieve) (MH, CH, 
ML, and CL USCS classes);

The HAFL study area is situated at the transition between the 
pre-alpine hills and the Swiss plateau. The climate is strongly 
influenced by both the Alps together with the Atlantic Ocean, with 
the average temperature and cumulated precipitation recorded in the 
Bern region (553 m a.s.l) equal to 8.6°C and 986 mm, respectively 
(MeteoSwiss, 2024). Field investigations were carried out in 
May 2024.

In the HAFL study area, root distribution and hydraulic 
conductivity tests were carried out along two perpendicular transects 
that started from a tree (Fir, Abies alba) at HAFL forest (mainly 
composed by Norway spruce [Picea abies (L.) H. Karst.)], behind the 
School of Agricultural, Forest and Food Sciences (BFH-HAFL) 
(Figure 2). The tree has a diameter at breast height (DBH) equal to 
0.4 m and is approximately 50 years old. This data acquisition strategy 
was selected in order to study the relationship between soil hydraulic 
conductivity and root distribution at a stand level. The fir tree was 
selected due to the isolated distance toward other trees (i.e., absence 
of roots overlapping), absence of pathogens and similar slope deposit 
characteristics. The soil in the study area is Alisol (WRB-System) 
derived from tertiary deposits of fluvial sediments and characterized 
by high-activity clays and low base saturation with pH values between 
3.5 and 4.5  in the upper 45 cm of the soil profile, and pH values 
between 4.5 and 4.8 in the bottom part of the soil profile down to 
1.1 m depth. The soil texture in the first 45 cm of soil is composed of 
about 15% clay, 30% silt, and 55% sand, whereas at the depth of 
110 cm is composed of about 23% clay, 19% silt, and 58% sand. Ks and 
RAR measurements were carried out for each transect on 10 boreholes 
(about 10 cm depth), spaced about 30 cm apart, with the initial 
borehole located at about 70 cm from the tree stem (Figure 2).

2.2 Saturated hydraulic conductivity tests

Saturated hydraulic conductivity (Ks) was measured in the 
Garfagnana and HAFL study area through the application of the 
constant hydraulic head (Aardwark permeameter) and falling-head 
methods (Theron et  al., 2010; Corporation, 2016). Both methods 
consist on the imposition of a stable hydraulic head to the top of the 
boreholes that were realized at each of the slope deposit trenches, 
which were saturated with water prior to the measurement (steady-
state condition) (Figure  3). In order to limit the soil moisture 
influence, before the execution of each test each borehole was 
subjected to saturation procedures by pouring different amounts of 
water (1–30 liters) into it. This procedure makes it possible to estimate 
the field-saturated hydraulic conductivity for each borehole depth 
class (depth range equal to 30 cm), eliminating the effect of matrix 
suction, and facilitating the establishment of the steady state regime 
(steady state flow rate) in which the rate of water lowering in the 
borehole (in the case of falling-head method) and the flow rate 
(constant-head permeameter) should be constant and independent 
from time (Figure 4).

The constant head permeameter is based on the direct application 
of Darcy’s Law and the steady-state flow rate of water under constant 
head at the bottom of a cylindrical hole of radius is measured. In the 
original procedure this method took a few days and required a 
considerable amount of equipment and large quantities of water. 
However, due to the development of equipment (e.g., Corporation, 
2016), and modifications of the field procedure in the last 20 years, 
steady-state flow rate from a small diameter cylindrical hole under a 
constant depth of water can now be reached with a few liters of water 
within 20–40 min (Amoozegar, 1989). Instrumentation is composed 
of a water reservoir, a digital scale (KERN DS 36 K0.2 L model), a tube 
and the constant-head permeameter (Figure 3). It means that the 
depth of water in boreholes does not change during the time. As a 
result, the measurement conditions remain constant during the 

FIGURE 3

Hydraulic conductivity acquisition strategy: (1) KS measurements sites scheme (2) constant head method (Aardwark permeameter); (3) falling head 
method (consent was obtained for people in the image).
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measurement time (Figure 4). The rate of water supplied corresponds 
to soil infiltration rate from the bottom and side surfaces of the 
testing borehole.

Saturated hydraulic conductivity was calculated using the 
following formula (USBR7300-89, 1990) (Equation 1):

	
π

+  = + + − +   
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(1)

Where “r” represents the radius of the borehole (m), “Q” is the 
steady-state flow rate (m3/s) and “HW” represents the water 
column height.

The falling-head method consists of a millimeter rod at the base 
of which there is a float that allows the user to follow the borehole 
water level drop at predetermined time intervals (Head and Epps, 
1980) (Figure 3).

For this method, saturated hydraulic conductivity was calculated 
using the following formula (Hvorslev, 1951) (Equation 2):

	 ( )
π

=
−

2

2 1 1

2 ln
11s

r hK
t t h 	

(2)

Where h1 (m) and h2 (m) represent the water height related to t1 
(s) and t2 (s) respectively, “r” represents the radius of the borehole (m).

According to Klute and Dirksen (1986) findings, constant-head 
permeameter method provides better results in slope deposits 
characterized by a saturated hydraulic conductivity between 10−2 
and 10−7 m/s, whereas falling-head method provides better results 
with saturated hydraulic conductivity values within the range 

10−5–10−9 m/s. For each trench, both methods were carried out at 
different slope deposit depth, so as to assess the relationship 
between slope deposit depth, Ks and below-ground vegetation 
distribution (see next sub paragraph). It is highlighted that, 
comparing with samples laboratory tests, in situ hydraulic 
conductivity measurements provide robust outcomes in terms of 
definition of the complexity and conditions of the slope deposits 
(Ciollaro and Romano, 1995; Schaap et  al., 1998; Vieira and 
Fernandes, 2004).

2.3 Root analysis

In the Garfagnana study area roots features were assessed 
within soil by digging vertical trenches (already carried out for the 
hydraulic conductivity tests) (Böhm, 1979; van Noordwijk et al., 
2000) (Figure 3). Root data [in terms of Root Area Ratio-RAR, 
defined as the root total area per unit area of soil (Bischetti et al., 
2005; Preti et  al., 2022)] were estimated through the direct 
application of the trench method, in which a grid of cells of 
100 cm2 was overlapped on each trench profile covering the depth 
ranges involved during the conductivity tests (Marzini et  al., 
2023b). For each cell, roots were counted and grouped into 
different diameter classes, then RARi was calculated by using the 
following formula (Equation 3):

	
π=∑

2

4

N

i
i

dRAR n
	

(3)

Where “i” represents the root diameter class, “n” indicates the 
number of analyzed root features, and “N” indicates the number of 
diameter classes. For each profile grid (referring to the depth horizon 

FIGURE 4

Example of a steady state flow rate during the application of the Constant head method: green dots indicate measurements of flow rate (left side) and 
Ks (right side) acquired every 30 s; red dots represent the mean values obtained from five sequential measurements.
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investigated), the corresponding RARm was calculated using the 
following formula (Equation 4):

	
=∑

p
i

m
i

RARRAR
p 	

(4)

Where “RARi” is related to a single cell and “p” indicates the 
number of cells within the grid.

Finally, the RAR related to a single measurement site and to the 
depth horizon analyzed by conductivity tests (RARs) was determined 
with the following formula (Equation 5):

	
=∑

3

3
m

s
i

RARRAR
	

(5)

Where “p” represents the portions of the profile: left side, frontal 
and right side (Figure 3).

Therefore, the root data in this study area refers to different soil 
depths analyzed (see Supplementary material). Regarding the 
Zollikofen study area, samples for the root distribution analysis were 
taken with a specifically designed and produced cylindrical steel tool 
characterized by 10 cm height and 10 cm diameter. A plastic tube and 
a plastic sheet were placed inside the tool to allow the removal of the 
superficial soil sample without damaging it. Therefore, a superficial 
soil sample for each measurement site was taken to the laboratory, in 
which roots were cleaned, spread out in a water-filled transparent 
plastic container and analyzed. Root properties (root count, root 
length and diameter) were determined using a centesimal caliper. 
Root Area Ratio (RAR) (Bischetti et al., 2005; Preti et al., 2022), Root 
Volume Ratio (RVR, defined as the total volume of roots per unit 
volume of soil) (Lascurain et al., 2021) and soil-root contact surface 
were used as an indicator for the distribution of roots. In detail, Root 
Volume Ratio-RVR was calculated assuming a root cylindrical shape 
and taking as root diameter a constant root diameter (equal to the 
maximum diameter measured along the entire root length). 
Assumption related to the root cylindrical shape was also made for the 
Soil-root contact surface calculation, obtained by multiplying, for each 
root sample detected, the root length and the average root diameter.

2.4 Statistical analysis

The Chi-square test was applied to verify the normal distribution 
of roots features and Ks datasets relative to the two study areas; it 
showed the absence of normal distributions. Significant statistical 
differences between datasets were determined by the non-parametric 

Kruskal–Wallis test. Statistical analyses were performed using Origin 
2018 (Origin Lab Corporation, Northampton, MA, USA, 2018). 
Correlation tests among the different datasets considered were applied 
with a 0.05 reference value.

3 Results

To evaluate the reliability of the Ks measurements, we  have 
selected a test site in which three different boreholes were executed. 
For each borehole, hydraulic conductivity tests were repeated several 
times under the same conditions: same measuring depth and 
employing the same type of permeameter (Aardvark permeameter). 
In Figure 5 and Table 1 are reported the Ks values obtained from the 
reliability assessment. Due to the coefficient of variation values 
obtained (CV, defined as the ratio of the standard deviation to the 
mean, < 3%) (Table 1), Ks acquisition strategy for each measurement 
site was set to one test for each horizon depth of the borehole.

In Figure  6 the HAFL forest results are shown in terms of 
relationship between hydraulic conductivity and root distribution 
(quantified as root area ratio (RAR), root volume ratio (RVR), root-soil 
surface area). Transect 1 measurements (green dots) toward Ks and RAR 
and Ks and RVR highlight a strong Pearson correlation coefficient 
(equal to 0.86 and 0.69 respectively, with p-values of 0.004 and 0.06, 
respectively). Same consideration can be  extended to Transect 2 
measurements (blue dots), in which Ks and RAR, Ks and RVR and Ks 
and root-soil surface area highlight strong Pearson correlation coefficient 
(equal to 0.90, 0.90, and 0.79, with p = 0.02 for all the cases respectively).

FIGURE 5

Saturated hydraulic conductivity boxplots for each borehole within 
the test site selected for the Ks reliability assessment.

TABLE 1  Ks statistical indexes related to the reliability assessment.

Borehole N Min. Q1 Med. Avg. Q3 Max IQR St. dev. CV (%)

1 12 −5.88 −5.83 −5.75 −5.72 −5.62 −5.54 0.20 0.12 2.16

2 11 −4.87 −4.82 −4.76 −4.71 −4.57 −4.54 0.25 0.13 2.80

3 13 −6.00 −5.90 −5.82 −5.81 −5.72 −5.53 0.18 0.14 2.34

N, number of Ks tests; Min, minimum value; Q1, first quartile; Med, median value; Avg, average value; Q3, third quartile; Max, maximum value; IQR, interquartile range; St. dev., standard 
deviation; CV, coefficient of variation, % (Ks values are expressed as logarithmic).
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Figure  7 highlights the variation of Ks and RAR toward the 
distance from the fir tree. It can be observed for both transects a 
decrease in root density and saturated hydraulic conductivity as the 
distance from the tree increases, with the main decrease located at 

1.5–2 m from the stem. In contrast to the Garfagnana measurement 
sites (Figure 1), HAFL data refer to homogeneity situation in terms 
of soil texture, soil depth (about 10 cm) and porosity and, therefore, 
the relationship found between root distribution and Ks is not 

FIGURE 6

Relationship among Hydraulic conductivity (Ks), Root Area Ratio (RAR), Root Volume Ratio (RVR) and Root-soil surface area related to Transect 1 (green 
spots) and Transect 2 (blue spots).

FIGURE 7

Relationship among hydraulic conductivity (Ks), Root Area Ratio (RAR) and distance from the tree data related to Transect 1 (green dots and green line-
RAR; blue dots and blue line-Ks) and Transect 2 (light green dots and light green line-RAR; light blue dots and light blue line-Ks).
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influenced by the soil density gradient or heterogeneity (absent in 
the stand plot).

The application of the Kruskall-Wallis Test highlights the presence 
of two statistically different data populations for both Ks (p = 0.002) 
and RAR (p = 0.008) (Figure 8).

Focusing on the Garfagnana study area, Ks and RAR data 
showed a moderate positive linear correlation (Pearson’s r equal 
to 0.75 with a p-value of 89E-06, Figure 9). The linear correlation 
increases (Pearson’s r equal to 0.88 with a p-value of 59E-05, 

Figure 9) considering the HAFL dataset. The visual assessment 
of the scatter plot confirms the datasets differentiation obtained 
from the application of the Kruskall-Wallis Test. Such 
differentiation comes up for Ks values > 1E-04 m/s and RAR 
data > 0.5%.

Considering the modified USCS classes and the soil depth classes 
(Figure 10), only class “B” data (soil depth in the range 30–60 cm) 
showed a moderate positive linear correlation (Pearson’s r equal to 
0.74 with a p-value of 406E-04). Data within the other classes do not 

FIGURE 8

Boxplots of RAR and Ks data related to the two study areas. The box represents data within the first and the third quartile, white dot symbol represents 
the mean value, black dots indicates outliers, lines extending parallel from the box are the whiskers in the 25–75 range.

FIGURE 9

Relationship among hydraulic conductivity (Ks) and Root Area Ratio (RAR) data for the Garfagnana (black squares) and HAFL (red dots) study areas.
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show similar results, due to the limitation of available data (see for 
example class “F”).

In Figure 11 is reported the variation of root density (RAR) and the 
saturated hydraulic conductivity (Ks) mean values with the slope deposit 

depth. Based on the results, most of the root density concentrates in the 
first soil layers and decreases sharply following deeper layers. Saturated 
hydraulic conductivity changes from about 1E-04 m/s (values within the 
“sand” soil class following the Coduto (1999) soil classification) in the 

FIGURE 10

Relationship among hydraulic conductivity (Ks) and Root Area Ratio (RAR) data for the Garfagnana study area according to the modified USCS classes 
(first row) and the soil depth classes (second row).

FIGURE 11

Root area ratio (RAR) and hydraulic conductivity (Ks) mean values distribution with slope deposit depth (Garfagnana study area).
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first soil layers to 1E-06 m/s (“silt” class) around 80 cm of soil depth. The 
Ks distribution data shows a decrease that follows the RAR data, with a 
decrease of the slope of the Ks-depth data distribution located around 
70 cm of soil depth (1.7E-06 m/s) (Figure 11).

4 Discussion

In this research we have adopted a data collection strategy at a 
stand scale, representing the same conditions of the rooted slope 
deposit (i.e., representative elementary volume) (Bagarello and Iovino, 
2010). This measurement strategy has some advantages (absence of 
small core samples, no roots and macropore network cutting) and 
shortcomings (absence of controlled conditions), characteristic of field 
measurements (Fodor et al., 2011; Rienzner and Gandolfi, 2014). Our 
results in terms of relationship between vegetation below-ground 
features (expressed as Root Area Ratio-RAR, Root Volume Ratio-RVR 
and root-soil surface area) and saturated hydraulic conductivity Ks 
highlight the presence of a trend, showing an improvement of Ks by 
the presence of a well-developed root system. Our results do not show 
the presence of a threshold toward the increase of Ks as root density 
increase, in contrast with Vergani and Graf (2016) and Lange et al. 
(2009) results. However, the range of RAR measured in our samples 
seems to be  much lower than the ones measured by the above-
mentioned authors. Moreover, our data suggest that an increase of 
root density has a good correlation to an increase of slope deposit 
hydraulic conductivity.

The work of Lange et al. (2009) shows that an increase in root 
density in stagnic soils resulted in an increase in contact length, and 
also a decrease in film thickness, that results in an increased hydraulic 
conductivity for a root density of about 1 cm/cm3, and it decreases for 
lower or higher root densities. Our results support the hypothesis that 
the presence of tree roots represents a key factor in preferential 
infiltration. As highlighted by many authors, root morphology and 
soil structure depend on one another and on many mechanisms and, 
particularly, it is impossible to specify all preferential flow paths by 
means of root measurements. The work of Noguchi et  al. (1997) 
showed the fact that at least 70 and 55% of the macropores (≥ 2 mm) 
located, respectively, in the topsoil and the subsoil of forests of Japan 
are associated with roots. Our results agree with the work of Webb 
et al. (2022), in which, despite a limited representativeness of the data 
acquired through the use of Minidisk infiltrometers with a diameter 
equal to 0.045 m (Meter Group, Pullman, USA) a nuanced relationship 
between live root morphological variables, macro-porosity and Ks, 
root biomass is described as the best predictor of Ks, suggesting that 
root turnover has an important role in soil hydraulic function. In 
detail, Webb et al. (2022) findings explained the variation of Ks for 
sub-surface slope deposits (0–0.2 m of depth) with the variation of the 
tree root morphological traits. However, deeper in the slope deposit 
profile, where the density of roots is lower (Figure 11), soil texture had 
a greater influence on soil hydraulic conductivity (Webb et al., 2022). 
Generally, root density decreases as the depth increases, and this is due 
to changes in nutrients and moisture availability. In agreement with 
the literature (Preti et al., 2022; Marzini et al., 2023; Preti et al., 2025), 
in this study a RAR reduction with the increment of slope deposit 
depth was observed, with higher RAR values (above 1%) concentrated 
in the first soil layer (0–0.25 m) (Figure 11). Namely, the RAR tends 
toward nil values when approaching to depth of ca. 0.70–0.80 m. Root 

depths are lower than what is reported in the literature (Preti et al., 
2022; Arnone et al., 2016; Tron et al., 2014). The shallower depths 
could be explained by the data collection strategy used during the 
adopted field survey: in the Garfagnana study area the trench method 
was applied away from the trees so as to collect RAR data in areas less 
favorable toward root reinforcement, where root density is lower and, 
consequently, stability conditions are poorer in terms of additional 
cohesion (Marzini et al., 2023b).

Below-ground vegetation and saturated hydraulic conductivity 
data acquired into the HAFL study area refer to homogeneous 
situation in terms of soil texture, soil depth (about 10 cm) and 
porosity, in contrast to the spatially distributed measurement sites of 
the Garfagnana study area. Such differentiation is reflected in the data 
highlighted in Figures 8, 9, in which both RAR and Ks data population 
are statistically separated. Despite this differentiation in terms of 
homogeneity of soil characteristics and data acquisition strategy, both 
datasets showed a strong relationship between RAR and Ks, with 
Pearson’s r > 0.75 (Figure  9). We  assume that the position of the 
trenches executed in the Garfagnana valley also exerted a role toward 
this datasets separation and, in our opinion, even the weak (or absent) 
relationship among the RAR and Ks considering the modified USCS 
classes and the soil depth classes turns out to be affected by this data 
acquisition strategy. Another issue to be considered when analyzing 
the results of our research is represented by the spatio-temporal 
heterogeneity of forest stand properties. The data acquisition strategy 
carried out in this work do not consider the variation of the 
relationship between RAR and Ks with time and, therefore, do not 
consider the temporal dynamics (i.e., how do roots and Ks vary 
seasonally). In detail, the temporal variation of the below-ground 
vegetation may depend on the seasonal dynamics of root distribution 
and the long-term dynamics of both tree and stand (Ngo et al., 2023). 
Moreover, the assumptions made for the RVR and soil-root contact 
surface calculation significantly overestimate the influence of these 
parameters. Indeed, regarding the accurate determination of these 
parameters four broad approaches are currently adopted for the in situ 
three-dimensional analysis of roots within soil: X-ray computed 
tomography, magnetic resonance imaging (MRI), positron emission 
tomography (PET), and neutron computed tomography (Hou et al., 
2022). Further insights will be dedicated to the assessment of RVR and 
soil-root contact surface with such methods. Regarding the saturated 
hydraulic conductivity tests, constant hydraulic head (Aardwark 
permeameter) and falling-head apparatus are lightweight and simple 
to install requiring one person. All the necessary field data can 
be collected within 1–2 h per measurement. Possible drawbacks are 
represented by the difficulty of executing deep boreholes close to trees 
(due to the presence of a well-developed root architecture) and the 
amounts of water that must be available to carried out tests.

Results of the present study suggest that improvement could 
be made to the parameterization of hydrological models based on the 
below-ground features of vegetation. These observations show the 
importance of root systems for the formation of preferential flow paths 
and, in this context, forest management planning actions (i.e., 
selection of suitable tree species, tree densities and/or forest age 
structures) can influence directly roots distribution and, consequently, 
infiltration properties (Lange et al., 2009). The vertical distribution of 
Ks must be considered in hydrological models, and, in this context, 
several approaches are reported in the literature toward this issue. For 
example, Wang et al. (2012) simply assumed a decrease of Ks with 
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increasing the slope deposit depth and used a decay rate as a 
parameter; Chen and Hu (2004) assumed an exponentially decrease 
of Ks with slope deposit depth; Fu et al. (2015) represent the variation 
of Ks with slope deposit depth for forestland in karst catchments as a 
parabola function. Our results in terms of root density (RAR) and Ks 
showed a decreasing trend with respect to depth (Figure  11), in 
agreement with Papasidero (2019) work, which explain the linear 
trend between slope deposit depth and Ks in terms of variation of 
slope deposit characteristics (porosity, granulometry, etc.).

5 Conclusion

This study provides new insights into the correlation between root 
distribution (RAR, RVR and root-soil surface area) and saturated 
hydraulic conductivity (Ks). Ks [through the use of constant and 
falling head methods (Aardwark permeameter)] and root distribution 
(through the application of the trench method) data were collected 
across different study sites: Garfagnana (Tuscany, Italy) and HAFL 
forest (Zollikofen, Switzerland). Our results show that root density 
influences significantly Ks, with both parameters influenced in turn 
by the soil depth and the distances from tree stem. Further insights 
will be dedicated to the assessment of the influence of above-ground 
vegetation in the water dynamics of slope deposit and to evaluate the 
role of different vegetation types toward the Ks.
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