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Abstract
Purpose  Climate change and global food demand in coming decades urge effective actions for more efficient uses of water 
and soil resources. This paper reports the preliminary findings of a study assessing the potential of sheep scoured wool resi-
dues (SWRs) as soil amendments to enhance the physical and hydraulic properties of a sandy loam soil under rain conditions.
Methods  Two different SWRs were used: scoured residues (white wool, WW) and carbonized scoured residues (black wool, 
BW) at different SWRs/soil ratios (0.0, 0.5, 1.0 and 2.0%). Soil bulk density (BD), total porosity (TP), aggregates stability, 
aggregate size distribution, saturated hydraulic conductivity, and water retention properties were determined under rain 
conditions, in addition to rainwater balance (storage, percolation and runoff).
Results  Both WW and BW, particularly at the high wool/soil ratio (2%), significantly reduced soil BD by 11.98% and 9.85%, 
respectively. Moreover, WW and BW increased TP by 16.45% and 13.57% and available water capacity by 6.5% and 18.1%, 
respectively. SWRs increased the formation of macro-aggregates and increased aggregate stability. The results of rainwater 
balance showed higher percolation percentages and less rainwater storage in the wool-treated soil.
Conclusions  The increase in water percolation is in line with the increased total porosity and the higher saturated hydraulic 
conductivity of wool-treated soil. Despite the high capacity of absorbing water, SWRs affected the water movement of the 
soil more than its water retention.
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Introduction

Frequent drought events due to climate change and global 
food demand in the coming decades urge effective actions 
for a more efficient use of natural resources (FAO 2015; 
Lee et al. 2017; Wasaya et al. 2018). Soil organic mat-
ter (OM) plays an important role in the regulation of soil 
water-dynamics by enhancing soil physical characteristics 
(structure, porosity, water retention, permeability) (de Melo 

et al. 2019), and in promoting microorganisms (Williams 
et al. 2016; Minasny and McBratney 2018; Ghosh and Devi 
2019). An increase in soil organic carbon (OC) often leads 
to an increase in crop yield (Alagöz and Yilmaz 2009; Ogun-
tade et al. 2018; Ben Mbarek et al. 2019) and can mitigate 
the effects of climate change by storing CO2 in the soil (Wil-
liams et al. 2016; Minasny and McBratney 2018). Agricul-
tural and agro-industrial wastes are the most commonly used 
OM sources used as soil amendments (Rigby et al. 2015). 
However, little is known about the potential of industrial 
sheep wool residues (SWRs) that could also contribute to 
increasing the economic and environmental sustainability 
of sheep wool supply chain.

Keratin, the wool protein, is known to slowly degrade into 
simpler compounds, releasing nutrients in the soil over a 
long period (Zheljazkov 2005; Bhavsar et al. 2016). Besides 
the high carbon content (50%), wool residues are known 
to stimulate plant growth and yield (Zheljazkov 2005; 
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Zheljazkov et al. 2008; Ordiales et al. 2016) thanks to the 
high content of several nutritional elements such as nitrogen 
(16–17%) and sulfur (3–4%) (Verville 1996). Hydrolyzed 
wool has been successfully used as a fertilizer for plants 
(McNeil et al. 2007). Other studies demonstrated that unde-
composed wool products could be successfully used as valu-
able nutrient sources for both container-grown plants and 
field crops (Zheljazkov et al. 2008, 2009).

Given the biodegradability, nutrient content and water 
absorption properties, wool residues seem to have high 
potential as ecofriendly amendments (Zoccola et al. 2015). 
Some studies reported that they can effectively absorb and 
retain moisture (Murray et al. 2000; Mubarak et al. 2009; 
Zoccola et al. 2015), thus facilitating water conservation. 
On the other hand, as these residues are very light and 
low-density materials (Jaroszuk and Słowińska-Jurkiewicz 
2005; Nowak 2005), they could reduce soil bulk density 
and modify air–water relations. Such effects influence the 
hydraulic conductivity and lead to deeper drainage and less 
water storage. However, little is known on the hydraulic and 
physical properties of wool–soil mixtures, and there is no 
comprehensive study in the literature on the physical effects 
of wool as soil amendment. This study aimed at investigat-
ing the changes in soil physical properties, i.e., water reten-
tion properties, Ksat), available water capacity (AWC), bulk 
density (BD), total porosity (TP), aggregate size distribu-
tion (ASD), aggregate stability and infiltration capacity of 
a sandy loam soil after the application of different SWRs 
under rainfall conditions.

Material and methods

Soil characteristics

The soil used in this study was collected with an auger from 
the Ap horizon (0–30 cm) in an olive orchard in southern 
Tuscany (Lat. 42°55′49.81″N, Long. 10°46′00.11″E; 15 m 
a.s.l.). The chemical, physical and hydraulic properties of the 
soil are shown in Table 1. The soil, formed on Pleistocene 
terraced deposits, is deep with an Ap–Bw–C profile, scarcely 
gravelly, weakly to moderately structured, with texture from 
clay loam to sandy loam (Soil Survey Division Staff 2017). 
It is non-calcareous (total carbonates:< 0.5%), almost neu-
tral (pH: 6.68), well drained and classified as a fine loamy, 
mixed, thermic, Eutric Cambisols (Soil Survey Staff 2014). 
The topsoil is poor in organic carbon (0.44%), and nitro-
gen (0.08%). The field saturated hydraulic conductivity of 
the Ap horizon was measured with a constant-head Guelph 
permeameter (Soilmoisture Equipment Corp. 2012). The 
Guelph permeameter is an in-hole constant-head permeam-
eter employing the Marriott principle (Reynolds et al. 1983). 
The method measures the steady-state rate of water recharge 

into unsaturated soil from a cylindrical well hole in which a 
constant depth (head) of water is maintained. The permeam-
eter is generally operated at two heads, namely 5 and 10 cm.

The soil retention properties were measured on three soil 
cores using a sand bath (tensions from 0 to 10 kPa) and 
a pressure plate apparatus (tensions from 33 to 1500 kPa). 
The retention curves were parametrized resorting to the Van 
Genuchten model (Van Genuchten 1980).

Sheep wool residues (SWRs) analysis

The SWRs, derived from the first wool-processing phase 
(the scouring process, regulated by the Commission Regula-
tion (EU) No 1063/2012), were provided by a wool scouring 
company (Carbofin S.r.l.) located in Vernio, Prato, Tuscany, 
Italy. Two types of SWRs were tested. The “white wool” 
residue (WW) was obtained by the mechanical beating of 

Table 1   Chemical, physical and hydraulic properties of the topsoil 
used in the experiment

a VG, water retention parameters calculated using Van Genuchten’s 
model (1980)

Parameters (unit of measurement) Value

pH 6.68
Electrical conductivity (saturated extract) (dS m−1) 0.705
Salinity (mg L−1) 451
Total organic carbon (TOC) (%) 0.44
Total nitrogen (%) 0.08
C/N 5.73
Total carbonates (CaCO3) (%) < 0.5%
Active carbonates (CaCO3) (%) < 0.1%
Available P (P2O5) (mg kg−1) 9.9
Exchangeable potassium (K2O) (mg kg−1) 232
Exchangeable calcium (CaO) (mg kg−1) 927
Exchangeable magnesium (MgO) (mg kg−1) 114
Exchangeable sodium (Na) (mg kg−1) 43,4
Cations exchange capacity (CEC) Cmol kg−1 5.6
% Exchangeable Na (ESP) 3.4
Bulk density, fallow (M m−3) 1.17 ± 0.09
Bulk density, olive orchard (M m−3) 1.58 ± 0.05
Sand content (%) 67.6
Silt content (%) 15.2
Clay content (%) 17.8
USDA textural class Sandy loam
Field Ksat (mm h−1) 97.2 ± 44.9
VGa Theta r (m3 m−3) 0.146 ± 0.006
VGa Theta s (m3 m−3) 0.472 ± 0.048
VGa air entry 1/α (cm) 18.78 ± 1.41
VGa n 2.12 ± 0.05 (–)
VGa m = 1− 1/n 0.528 ± 0.01 (–)
Available water capacity (m3 m−3) 0.352 ± 0.04
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the scoured wool and formed of wool fiber residues and 
vegetal residues. The “black wool” residue (BW) was 
produced after the “carbonization” process to remove cel-
lulosic impurities from the beaten wool with sulfuric acid 
(H2SO4) and further beating. Both the WW and BW have 
a lint appearance (Fig. 1). To determine C and N contents, 
dry samples of wool residues (WW and BW) were analyzed 
using a CHN Elemental Analyzer (Carlo Erba Instruments, 
mod 1500 series 2). The dry samples were also digested 
in nitric and hydrofluoric acid (3:1) in a microwave oven 
(CEM, MARSXpress) according to the EPA method 3052 
(US EPA 1996). Macro- and microelements were detected 
through an ICP-OES spectrophotometer (IRIS Intrepid II 
XSP Radial, Thermo Fisher Scientific).

SWRs–soil mixtures

The soil collected from the olive orchard was mixed with the 
wool residues at the experimental site of the Italian National 
Research Council (CNR) in Florence (Lat. 43°49′02.70″N, 
Long. 11°46′12.05.26″E; 41 m a.s.l.). Each SWR was mixed 
with the dry soil using an electric mixer (120-L capacity, 
500 W power electric concrete mixer; mixing time set to 
30 min at a speed of 30 r.p.m.) to ensure a homogenous 
SWR–soil mixture. Three concentrations per SWR type were 
tested (WW0.5%, WW1%, WW2% and BW0.5%, BW1%, 
BW2%) and compared to the control (C). The proportions 
of WW and BW were made on the basis of their nitrogen 
content since SWRs were considered not only as soil amend-
ments, but also as possible fertilizers. Both SWRs contain 
8.2% N, therefore 3.75, 7.5 and 15 kg N ha−1 were applied, 
corresponding to 0.5, 1 and 2% of SWRs as treatments.

Pots of 0.03 m3 volume (diameter 40 cm, height 33 cm, 
perforated from the bottom) were filled with the soil mix-
tures and control in six replicates. They were arranged in 
a completely randomized distribution, outdoor at ambient 
conditions throughout the experiment period (from January 
to July 2017).

Analysis of some soil physical and hydraulic 
properties

Bulk density (BD) and total porosity (TP)

In March, undisturbed soil samples of 100  cm3 (core 
method) were collected from three pots in each soil treat-
ment and control to measure BD as dry weight in the given 
volume. The total porosity (TP) was estimated using the 
following equation, assuming a constant particle density of 
2.65 Mg m−3 (Danielson and Sutherland 1986):

Water retention curves

In March, soil cores were sampled at 5–10 cm depth from 
three pots in each treatment and control to determine the soil 
water retention curves. Samples were saturated overnight. 
The measurements of water contents were performed at the 
following matric potential of: 0, 10, 50, 100, 330, 1000, and 
15,000 cm. The soil water retention curves were determined 
on the soil samples using a sand bath apparatus in the mat-
ric potential range from 0 to − 20 kPa and a tension plate 
apparatus in the range from − 20 to − 1500 kPa. The water 
content at each pressure step was calculated from the volume 
of the outflow, i.e., between the initial and final weight of the 
measured soil sample.

The experimental water retention curves were interpo-
lated with the RETC software (Retention Curve Program for 
Unsaturated Soil) according to Van Genuchten et al. (1991) 
using the Van Genuchten model (1980) in order to derive the 
retention parameters, (i.e., air entry potential, pore size dis-
tribution index) for treatments comparison (Table 3). Field 
capacity (FC) and permanent wilting point (PWP) were also 
assessed for each treatment, and the available water capacity 
(AWC) was calculated on the basis of the difference between 
the FC and PWP.

Saturated hydraulic conductivity

Ksat also was measured in March in three pots, using the 
constant-head Guelph permeameter as described above. 
Given the pot size, the depth of the borehole (12 cm) and 
the heights of the steady ponded head of water, the distance 

TP = 1 −
BD

PD.

Fig. 1   Stages of the processing phase (scouring) in which the two 
types of industrial sheep wool residues (SWRs) are produced. WW 
white wool residue, BW black wool residue
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between the (semi-) impermeable layer (i.e., the bottom of 
the pot) and the bottom of the auger hole was sufficiently 
large for these measurements, according to Hayashi and 
Quinton (2004).

Slaking and aggregate stability

Slaking and aggregate stability tests were conducted on the 
six mixtures and control according to the USDA (1999) in 
July. Aggregate size distribution (ASD) was determined by 
the standard dry-sieving method (Savinov 1936). The dry 
mean weight diameter (dMWD, mm) was calculated accord-
ing to Hillel (2004) as:

where ‘wi’ is the weight percentage of each aggregate size 
class (ASC) with respect to the total sample and ‘xi’ is the 
mean diameter of each ASC (mm).

Rainwater balance and soil water storage

To study the effect of the two SWRs on soil water storage, 
drainage and runoff (rainwater balance), four soil mixtures 
(WW1%, WW2%; BW1%, BW2%) and control (C) were 
newly prepared at the end of March to fill three new repli-
cates (same size pots used for the analysis described above). 
Pots were arranged outdoor in a completely randomized 
block design distribution outdoors at ambient conditions. 
The pots were left under rain-fed conditions (from April to 
June 2017). A rain-secured saucer was placed at the bottom 
of each container to collect the drained water after possible 
rain event. In order to collect the runoff water, a plastic tube 
was placed on the soil surface and connected to a 1.5-L plas-
tic bottle aside the pot. Only three rainfall events (23.4 mm 
on April 28; 27.8 mm and 3.8 mm on May 7 and 9) were 
strong enough to generate water drainage and runoff. The 
meteorological parameters were provided by a weather sta-
tion next to the experimental site.

Salinity and pH of soil and leachate

After each rainfall event and at the end of the experiment, 
water volumes were measured and leachate samples were 
collected. The electrical conductivity (EC, dS m−1) and pH 
analysis of the leachate were measured. Moreover, EC and 
pH of soil were measured in three replicates, three times (at 
the beginning, at the first and third month of the experiment) 
on 1:2.5 soil:water extracts using a portable meter (PC7, 
Hydro Tech, Rosolini).

dMWD =

n
∑

I=1

xi wi,

Statistical analysis

The statistical analysis was performed using the Statistica 
64 v.12 software (StatSoft Inc 2014). The distribution of the 
measured parameters was formerly assessed using the Sha-
piro–Wilk test. Once normality had been checked, ANOVA 
test was performed followed by Tukey’s honest significant 
difference to compare the mean values (P < 0.05). T test 
between independent samples was used for the comparisons 
between two independent samples (for instance in the case of 
soil EC and pH at the beginning and end of the experiment).

Results and discussion

Wool residues characterization

The chemical analysis of the two SWRs used in this study 
is shown in Table 2. WW and BW carbon contents were 
44.7 and 41.3%, respectively, N and H contents were almost 
similar in the two SWRs while the C/N ratio was slightly 
higher in WW. It is well established that wool residues retain 
considerable amount of P, Ca, K, Cu, Zn, and Mn (Böhme 
et al. 2008; Suruchi et al. 2014; Zheljazkov et al. 2009). 
With respect to the WW, the carbonization treatment greatly 
affected the contents of P (− 86%), K (− 75%), Mg (− 64%), 
Ca (− 57%), Na (− 53%) and S (+ 203%). The decrease of 
P, K, Mg, Ca and Na percentages in the BW is likely to be 
related to the effect of sulfuric acid on the vegetal parts of 
the WW residue.

Bulk density (BD) and total porosity (TP)

Results show that both BD and TP (Fig. 2) were more 
affected by SWRs concentration than by the type of residue. 

Table 2   Chemical analysis of the two sheep wool residues used in 
this study

WW non-carbonized or white wool residue and BW carbonized or 
black wool residue

Parameters
(unit of measurement)

WW BW

Organic C (%) 44.7 41.3
H (%) 6.5 6.1
Total N (%) 8.2 8.3
C/N 5.5 5.0
Ca (mg kg−1) 5856 2519
K (mg kg−1) 4416 1113
Mg (mg kg−1) 1761 641. 9
Na (mg kg−1) 2684 1263
P (mg kg−1) 1015 141.3
S (mg kg−1) 11,130 33,740
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BD (Fig. 2a) decreased significantly (P < 0.05) only at the 
highest concentrations (2%) by about 12% in WW–soil 
mixture and 10% and in BW–soil mixture with values of 
1.44 ± 0.063 Mg m3 and 1.46 ± 0.060 Mg m−3, respectively, 
when compared to the control (1.52 ± 0.015 Mg m−3). In 
terms of TP, regardless of SWRs type, the results (Fig. 2b) 
showed a significant (P < 0.05) increase of about 16.5% 
and 13.6% for the WW and BW, respectively, in the 2% 
treatment as compared to the control. The reduction in BD 
of SWRs–soil mixtures might be attributed to the pres-
ence of wool materials with very-low density (Jaroszuk 
and Słowińska-Jurkiewicz 2005; Nowak 2005). Basically, 
when BD decreases, TP increases. Kay (1998) reported a 
BD reduction from dilution of the soil matrix with a less 
dense organic material. Moreover, the BD reduction and TP 
increase are due to the formation of larger and more water-
stable aggregates in SWRs–soil mixtures (as explained in 
detail below) as found by Mellek et al. (2010) and Fran-
zluebbers (2002).

Water retention curves

Figure 3 shows the average water retention curves for the 
WW– (Fig. 3a) and BW– (Fig. 3b) soil mixtures. In the case 
of WW–soil mixtures, differences were evident at saturation 
in all treatments, with a maximum of 6% observed in the 
WW1% treatment; 4.2% and 1.6% in WW2% and WW0.5% 
treatment, respectively. By increasing matric potential, the 
average difference in volumetric water content (WCV) with 
respect to the control became negative or negligible in the 
0.5% treatment, while it was positive in the 1% and much 
higher in the 2% treatments (between 50 and 1000 cm matric 

potential) (Fig. 4a). In the case of BW–soil mixtures, no 
significant differences were observed at any matric potential. 
However, WCV in all treatments, at saturation, were higher 
than in the control treatment (Fig. 4b). In the BW2% treat-
ment, differences in WCV were equal to 8.2% and 3.4% at 
saturation and at 10 cm matric potential, respectively, but 
they dropped below 1% along with the retention points above 
50 cm potential.

The increase in water content at saturation, FC and 
AWC of SWRs-amended soil confirmed the finding by 
Minasny and McBratney (2018) who performed a meta-
analysis of 60 published studies and more than 50,000 
measurements to seek relationships between organic car-
bon and water content at saturation, FC, and PWP. The 
authors found that the addition of OM mainly increases 
water content at saturation, followed by FC and PWP. In 
the current study, such increases could be attributed to the 
absorption properties of SWRs showing water retention 
that reduces the soil drying and therefore, minimizing the 
erosion risk (Zoccola et al. 2015). The results also agree 
with the findings of Murray et al. (2000) and Mubarak 
et al. (2009) that indicate an increase in water holding 
capacity (WHC) of the soil when wool carbon is applied 
because of the higher imbibition capacity. Contrarily to our 
results, Zheljazkov et al. (2009) reported that when wool 
was used as a growth media constituent, it did not change 
the WHC. In terms of AWC, in our study an increase was 
observed in the 1 and 2% treatments regardless of the 
SWRs–soil mixtures type (Table 3). This increase was 
equal to 7.2 and 6.5% in the case of the WW–soil mix-
tures at 1 and 2%, respectively, and to 9.2 and 18.1% in 
the case of BW–soil mixtures at the same concentrations. 

Fig. 2   Bulk density (BD, Mg m−3) (a) and total porosity (TP, %) (b) of the control soil (C) and SWR–soil mixtures (WW and BW residues) at 
0.5, 1 and 2% concentrations. Average values (n = 3) ± standard error, ± 97.5 percentile point are shown
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The increase in AWC (at 1 and 2% SWRs) observed in this 
study, is in agreement with the meta-analysis, conducted 
by Minasny and McBratney (2018), which reports a slight 
increase in AWC due to OM application (from 0.7 to 2 mm 
100 mm−1 AWC for an increase of 10 g C kg−1 OC) as 
also found by Ankenbauer and Loheide (2017) (from 17 to 
37 mm 100 mm−1 AWC for an increase of 150 g kg−1 OC).

Moreover, the parameters of Van Genuchten’s reten-
tion model, when fitted to the experimental retention 
curves (Table 3), showed no statistically significant dif-
ference in mean values, but a clear trend could be detected 
in the saturated water content (Theta s). In fact, WCV at 
the air entry point showed increasing values along with 
the increase in SWRs concentrations, particularly in the 

Fig. 3   Average water retention curves (n = 3) of the treatments. a WW–soil mixtures at 0.5, 1 and 2% concentrations and C, control; b BW–soil 
mixtures at 0.5, 1 and 2% concentrations and C (control)

Fig. 4   Water retention curves. Difference in volumetric water content (WCV) at different matric potentials with respect to control for: a WW–soil 
mixtures at 0.5, 1 and 2% concentrations; b BW–soil mixtures at 0.5, 1 and 2% concentrations
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BW (14%) in comparison with the WW (7%) treatments. 
Another clearly detectable trend was observed in air entry 
values (cm), i.e., the potential at which air passes through 
a previously saturated porous media. A decrease in air 
entry potential was observed in all SWRs–soil mixtures. 
This was particularly evident in the 1% treatments, espe-
cially in BW (− 10 and − 24% with respect to the control 
for WW and BW, respectively). The addition of SWRs 
slightly affected the slope of the retention curves. A more 
shallow slope of the curve, as described by Van Genuchten 
parameter in Table 3, characterized the WW2% treatment 
(− 11% with respect to the control) and even more the 
BW1% treatment (− 16% with respect to the control).

Slaking, aggregate stability and aggregate size 
distribution (ASD)

According to the USDA stability classes, the slaking test 
results (Fig. 5) showed a limited slaking of SWRs–soil mix-
tures compared to the control soil. A significantly (P < 0.05) 
higher mean score was recorded in WW–soil mixtures (3.6) 
followed by BW–soil mixtures (2.9) and the control (2.0). 
Indeed, the increase of the concentration of SWRs reduced 
the slaking. Additionally, both SWRs types and concentra-
tions proportionally and significantly (P < 0.05) increased 
the percentage of water-stable aggregates (WSA > 0.25 mm) 
with respect to the control soil (Fig. 6). The average per-
centage of WSA in the SWRs–soil mixtures (64.66% and 

Table 3   Soil water retention 
parameters, Van Genuchten 
model

The water retention curves (n = 3) in each treatment were interpolated with the RETC software (Van 
Genuchten et al. 1991) using the Van Genuchten’s model (1980) in order to derive the retention parameters, 
i.e., air entry potential, Theta s (the saturated water content), Theta r (the residual water content), n (pore 
size distribution index) and m (the fitting coefficients) for treatments comparison

Treatment Theta s
(m3 m−3)m−3

Theta s
(m3 m−3)

Air entry
(cm)

n
–

m
–

AWC​
(m3 m−3)

C 0.40 ± 0.04 0.12 ± 0.01 20.34 ± 2.6 2.26 ± 0.05 0.56 ± 0.01 0.30 ± 0.04
WW0.5% 0.35 ± 0.05 0.12 ± 0.01 19.75 ± 4.1 2.20 ± 0.07 0.54 ± 0.09 0.25 ± 0.04
WW1% 0.43 ± 0.02 0.13 ± 0.01 18.27 ± 1.8 2.24 ± 0.39 0.55 ± 0.03 0.32 ± 0.03
WW2% 0.43 ± 0.02 0.13 ± 0.01 18.64 ± 3.0 2.01 ± 0.17 0.450 ± 0.05 0.32 ± 0.04
BW0.5% 0.37 ± 0.03 0.11 ± 0.01 17.25 ± 0.8 2.17 ± 0.20 0.53 ± 0.08 0.27 ± 0.02
BW1% 0.46 ± 0.060 0.14 ± 0.01 15.54 ± 5.1 1.91 ± 0.33 0.47 ± 0.14 0.33 ± 0.06
BW2% 0.46 ± 0.04 0.13 ± 0.00 17.58 ± 1.5 2.27 ± 0.52 0.56 ± 0.05 0.36 ± 0.05

Fig. 5   Slaking tests of aggre-
gates. Scores for the slaking 
tests of aggregates using USDA 
slaking test method in control 
soil (C), and in the different 
SWRs–soil mixtures (WW and 
BW residues) at 0.5, 1 and 2% 
concentrations. Average values 
(n = 3) ± standard error, ± 97.5 
percentile point are shown
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57.81% in WW– and BW–soil mixtures, respectively) was 
higher than in the control (37.82%). The percentages of 
WSA for 0.5, 1 and 2% WW–soil mixtures were 1.5, 1.66 
and 1.95 times greater than the control, respectively; in the 
case of the BW treatments, WSA percentages were 1.36, 
1.52 and 1.69 times greater than the control. Although the 
mean percentages of WSA were always higher in the WW 
than in the BW treatments, the differences between the two 
SWRs types were not statistically significant (P < 0.05) at 
any concentration.

The results showed a significant effect of SWRs applica-
tion on different ASCs (Table 4), especially in the case of 

WW. Control soil had significantly (P < 0.05) higher content 
of small aggregates in the 2.0–1.0, 1.0–0.5 and 0.5–0.25 mm 
ASCs. Generally, SWRs applications significantly increased 
the formation of larger aggregates (> 8.0, 8.0–4.0, and 
4.0–2.0 mm) as compared to the control. For example, 
WW2% had a significantly higher content of > 8 mm aggre-
gates, more than 57% of aggregates > 4 mm (Table 4), while 
in both SWRs–soil mixtures, the ASC 8.0–4.0 mm was 
> 24%. Furthermore, ASC (4.0–2.0 mm) was mainly found 
in WW–soil mixtures (1 and 2% treatments) and in BW0.5%.

Regarding the dMWD (Table 4), both SWRs type and 
concentration had significant effects (P < 0.05). The dMWD 

Fig. 6   Aggregate stability. 
Aggregate stability (% of water-
stable aggregates) in control soil 
(C) and in the SWRs–soil mix-
tures (WW and BW residues) 
at 0.5, 1 and 2% concentrations. 
Average values (n = 3) ± stand-
ard error, ± 97.5 percentile point 
are shown

Table 4   Aggregate size distribution (ASD) and dry mean weight diameter (dMWD)

Aggregate size distribution (ASD) is calculated as the ratio between the dry weight of aggregates in a specific aggregate size class (ASC, mm) 
and the total aggregates dry weight, expressed as percentage. Mean values (n = 3) ± standard deviations are shown for the SWRs–soil mixtures 
(BW and WW residues) at 0.5, 1 and 2% concentrations and the control, with significant differences between treatments identified by the Tukey 
test at P < 0.05, marked by letters

Treatment ADS (%) in each ASC DMWD
(mm)

> 8 8–4 4–2 2–1 1–0.5 0.5–0.25 < 0.25

C 12.31 ± 2.27 b 16.16 ± 0.27 b 10.75 ± 1.32 abc 15.11 ± 3.22 ab 15.63 ± 0.34 a 20.41 ± 2.49 ab 9.63 ± 0.78 ab 3.20 ± 0.20 c
WW 0.5% 16.59 ± 4.67 b 26.41 ± 2.00 a 14.23 ± 0.18 a 13.29 ± 0.59 b 13.18 ± 1.36 ab 10.91 ± 2.76 cd 5.38 ± 1.89 c 4.35 ± 0.33 b
WW 1% 17.60 ± 3.78 b 28.35 ± 6.97 a 13.25 ± 1.75 abc 13.67 ± 3.13 ab 10.71 ± 3.36 bc 10.01 ± 1.93 d 6.40 ± 0.76 bc 4.54 ± 0.63 ab
WW 2% 26.42 ± 0.59 a 31.24 ± 4.55 a 10.39 ± 2.35 c 6.67 ± 1.67 c 6.28 ± 2.47 c 12.26 ± 2.80 cd 6.74 ± 1.92 abc 5.56 ± 0.63 a
BW 0.5% 11.71 ± 2.32 b 24.18 ± 2.33 ab 14.26 ± 0.86 a 8.13 ± 0.74 c 12.00 ± 1.18 ab 19.63 ± 1.53 ab 10.09 ± 0.39 a 3.58 ± 0.03 bc
BW 1% 12.16 ± 1.76 b 26.32 ± 0.45 a 9.61 ± 0.70 bc 7.60 ± 1.08 c 10.09 ± 0.44 bc 24.74 ± 0.69 a 9.49 ± 1.15 ab 3.62 ± 0.20 bc
BW 2% 13.02 ± 0.53 b 29.99 ± 1.01 a 10.34 ± 0.97 bc 9.78 ± 1.02 bc 13.66 ± 0.28 ab 16.24 ± 1.00 bcd 6.97 ± 0.94 abc 3.99 ± 0.31 bc
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was significantly higher in wool-treated soil in the follow-
ing order: WW (4.82 ± 0.49 mm) > BW (3.73 ± 0.18 mm) 
> control (3.20 ± 0.24  mm). The dMWD was propor-
tional to the SWRs concentrations; values of dMWD were 
significantly higher at the highest WW concentration 
(2%, 5.56 ± 0.72 mm) compared to the lower ones (1%, 
4.54 ± 0.73 mm, and 0.5%, 4.35 ± 0.38 mm). No significant 
differences were recorded among BW treatments. Also, no 
significant differences were found between the lower con-
centrations (0.5% and 1%) in the two SWRs types. The sig-
nificant positive effect of SWRs on the formation of large 
aggregates, aggregate stability and limited slaking, com-
pared to the control treatment, might be attributed to the 
presence of SWRs’ organic carbon. Carbon in soil aggre-
gates increases their stability since it decomposes slowly 
or not at all (Beare et al. 1994). Other authors reported the 
positive effect of OM on the formation of large aggregates 
(Šimanský et al. 2008; de Melo et al. 2019) and in main-
taining their stability in most agricultural soils (Le Guillou 
et al. 2011; de Melo et al. 2019). Furthermore, the release 
of soluble salts in SWRs could help to improve soil aggre-
gates formation and stability by promoting flocculation of 
clay minerals (Lakhdar et al. 2010). Another reason for the 
increased aggregate stability of SWRs-treated soil could be 
the reduction in pH (as explained below). Since aggregate 
stability increases in acid soils, the aggregates under alkaline 
conditions are not stable because of the higher solubility of 
humic substances (Chenu et al. 2000).

Saturated hydraulic conductivity

SWRs application increased Ksat (Fig. 7) compared to 
the control, but because of the high variability, no sig-
nificant difference was observed. Nevertheless, some 
clear trends can be highlighted: with respect to control 
treatment (11.5 ± 11.4 mm h−1), Ksat increased on aver-
age by 107% in WW (108.2 ± 53.9 mm h−1) and by 250% 
in BW (249.8 ± 204.1 mm h−1) treatments. In WW–soil 
mixtures, the highest Ksat values (149.6 ± 136.4 mm h−1) 
were observed at the lowest concentration (0.5%) and were 
lower at higher concentrations while, in BW–soil mix-
tures Ksat values (439.1 ± 593.6 mm h−1) increased at the 
medium concentration (1%). On average SWRs provided 
96% Ksat increase than the control. It was observed that at 
low concentrations, SWRs reduced soil BD and enhanced 
permeability and, thus, Ksat. At higher concentrations, 
they slightly decreased Ksat, probably because of finer 
particles entrapment. However, the values were similar to 
those measured in the field (97.2 ± 44.9 mm h−1), suggest-
ing that the control soil undergoes significant compaction 
after being transferred in the pots. This is not surprising 
given the high sand content, very low organic carbon con-
tent and weak structure observed in the field. Another rea-
son for the increased Ksat could be that the high values 
of dMWD indicate high water permeability and air capac-
ity due to the formation of larger volumes of macro- and 
meso-pores (Kay 1998).

Fig. 7   Saturated hydraulic con-
ductivity. Values of saturated 
hydraulic conductivity (Ksat) 
(mm h−1): in control soil (C), 
in the field where the soil was 
dug (F) and in the different 
SWRs–soil mixtures (WW 
and BW residues) at 0.5, 1, 2% 
concentrations. Average values 
(n = 3) ± standard error, ± 97.5 
percentile point are shown
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Rainwater balance

Results of the rainwater balance showed significant 
(P < 0.05) differences in water storage and drainage between 
the beginning and end of the experiment. The first rainfall 
event (23.4 mm over 13 h with a maximum intensity of 
8.8 mm h−1) highlighted the significantly (P < 0.05) higher 
water storage (84.3%) and lower or negligible drainage of 
the control compared to the SWRs–soil mixtures (Fig. 8a). 
No difference in water storage or drainage was observed 
between 1 and 2% concentration both in WW and BW 
soil mixtures. When the WW and BW soil mixtures at 2% 
concentration were compared, significant differences were 
observed: in BW2% water storage was lower (P < 0.01) and 
drainage was higher than in WW2% (water storage: 50.37% 
vs 62.15% and drainage: 26.2% vs 19.12%). During the sec-
ond rainfall event (27.8 mm over 4 days, with a maximum 
intensity of 5.6 mm h−1), both SWRs–soil mixtures showed 
little differences in water storage among the different con-
centrations (Fig. 8b). Values were slightly lower than in the 
first rainfall event. The BW–soil mixtures showed on aver-
age higher water storage (38.0%) than WW–soil mixtures 
and the control (35% and 30.3%, respectively). In the third 
rainfall event (3.8 mm over 11 h, with a maximum intensity 
of 5.6 mm h−1) (Fig. 8c), the stored water was significantly 
higher in both SWRs–soil mixtures with respect to the con-
trol. As for the overall balance (Fig. 8d) of the three rain-
fall events (55 mm), mean water storage (as percentage of 
total precipitation) was significantly higher (P < 0.05) in the 
control soil (52.44 ± 5.9%) than in the WW–soil mixtures 
(42.43 ± 2.7%) and the BW–soil mixtures (41.6 ± 2.0%).

In terms of water drainage (Fig. 8e–h), the control soil 
was significantly (P < 0.05) lower (6.1 ± 2.4%) than any 
SWRs–soil treatment. In the case of WW–soil mixtures, the 
1% treatment percolated nearly twice as much (17.7 ± 0.5%) 
as the 2% (10.1 ± 1.3%). The two BW–soil mixtures were 
not significantly different from each other (18.6 ± 2.2% and 
18.3 ± 0.5% for BW1% and BW2%, respectively), but they 
were both significantly (P < 0.05) different from the WW2%.

The increase in percolation of SWRs–soil mixture 
could be attributed to the addition of OM which indirectly 
improves soil porosity that, in turn, promotes water infiltra-
tion and enhances salt leaching (Bhattacharyya et al. 2010). 
This was confirmed by the increase in Ksat and leachate 
salinity collected after the heavy rainfall events. Higher Ksat 
and drainage values can be explained by the formation of 
large and stable aggregates that may cause macro- and meso-
pores (Kay 1998; Shepherd et al. 2006). In this regard, for 
instance, a thin soil section treated with OC examined by 
Giusquiani et al. (1995) showed the presence of more elon-
gated pores (> 50 μm) compared to untreated soil. Moreover, 
the observed decrease in air entry potential of SWRs–soil 
mixture suggests a modification of the pore system, with 
larger and more continuous pores. The rainwater balance 
results were coherent with the Ksat values that were lower in 
the control soil (the lowest drainage) and higher in BW– and 
WW–soil mixtures at medium and low concentration (0.5% 
and 1% showed the highest drainage). Therefore, the results 
suggest that SWRs produce a slight modification making the 
pores system larger and more continuous, thus, increasing 
the water movement. Consequently, SWRs could be applied 
to enhance soil infiltration capacity, to reduce surface runoff 

Fig. 8   Rainwater balance. Water storage (a–c) and drainage (e–g) as 
percentages of total precipitation in the three rainfall events and as 
average of the water storage (d) and drainage (h): in control soil (C) 

and in the different SWRs–soil mixtures (WW and BW residues) at 
0.5, 1 and 2% concentrations
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and soil erosion under heavy and intensive rainfall, but they 
are not suitable for effective rainwater conservation.

Salinity and pH of soil and leachate

During the rain water balance experiment, soil and leachate 
samples were collected, then salinity and pH were deter-
mined. The SWRs–soil mixtures recorded higher leachate 
salinity (Table 5a), regardless of SWRs type. Leachate 
salinity in WW1%, WW2%, BW1% and BW2% were 3.2, 
3.8, 2.8 and 1.02 times higher than the control, respectively. 
Moreover, the leachate salinity in WW–soil mixtures, at both 
concentrations, was significantly (P < 0.05) higher than the 
leachate salinity in BW–soil mixtures. Both SWRs types 
affected leachate pH (Table 5a) which was significantly 
lower than in the control (8.2 ± 0.46). The lowest pH value 
was recorded in BW2% (6.6 ± 0.51), while sub-alkaline val-
ues were recorded in BW1%, WW1% and WW2% with no 
statistically significant differences among them.

Soil salinity (Table 5b) differed according to SWRs types, 
concentrations and sampling time. As compared to the con-
trol, BW1% and BW2% significantly increased soil salinity 
when they were freshly mixed with the soil. Instead, WW at 
the same concentrations did not differ from the control. One 
month after the SWRs addition, soil salinity significantly 
increased in WW–soil mixtures, especially at higher WW 
concentrations. In BW–soil mixtures, soil salinity showed a 
moderate, but still significant increase only in BW1%, whilst 
BW2% showed a decreasing trend (− 19%) with respect to 
the fresh mixture. At the end of the experiment, the values in 
all treatments did not significantly change with the exception 
of BW2% which showed a marked decrease.

Soil pH was more affected by SWRs type than concen-
tration (Table 5b). A strong pH reduction was recorded 
for the mixtures just after mixing BW with the soil 
(3.8 ± 0.02 and 3.2 ± 0.01 in BW1% and BW2%, respec-
tively, vs 6.25 ± 0.20 for control). Instead, mixing WW 
with the soil at both concentrations had no effects. After 
1 month and at the end of the experiment, similar trends 
were observed; taking soil pH of the fresh mixture as a ref-
erence, soil pH increased in BW–soil mixtures (5.32 ± 0.11 
and 4.64 ± 0.27 for BW1% and BW2%, respectively), 
and decreased in WW–soil mixtures (5.08 ± 0.12 and 
5.59 ± 0.16 for WW1%, WW2%, respectively) while it did 
not change in the control (6.12 ± 0.09).

The significant pH reduction of SWRs–soil mixtures 
and leachate (especially in BW) might be due to the 
acid treatment of carbonization, to microbial CO2, and 
to the release of organic acids with the displacement of 
exchangeable H+ ions to the soil solution (Nelson et al. 
1998). The obtained results are in accordance with many 
studies claiming that soil organic amendment leads to a 
decrease in pH (Bai et al. 2013). The increased soil and 
leachate salinity of the SWRs-amended soil could be due 
to the organic compounds biodegradation and the release 
of soluble minerals (Zheljazkov 2005; Bhavsar et al. 2016; 
Ghosh and Devi 2019) which increase electrolytes con-
centration in the soil solution. Several authors (Gupta 
and Sharma 2014; Ordiales et al. 2016) reported that the 
soil salinity increased with the wool addition due to Na 
liberation. The chemical analysis of both WW and BW 
(Table 2), showed that they contain significant of Na, N, S, 
K, P, Mg, and Ca. Also the results of other studies (Böhme 
et al. 2008; Suruchi et al. 2014; Zheljazkov et al. 2009) 
report that wool-waste retains significant concentrations 
of P, Ca, K, Cu, Zn, and Mn.

Table 5   Salinity and pH of leachate and soil

Salinity by electric conductivity (EC) and pH of leachate (a) and soil (b) from the rainwater balance experiment in the control (C) and SWRs–
soil mixtures (BW and WW residues at 1 and 2% concentrations at the beginning of the experiment, after 1 month and at the end of the experi-
ment. Mean values (n = 3) ± standard deviations are shown with significant differences between treatments identified by the Tukey test at 
P < 0.05 marked by letters. * indicates a significant difference between the value at the beginning and end of the experiment given by the T test 
for independent samples within the treatment at P < 0.05

Treatments (a) Leachate analysis (b) Soil analysis

EC (dS m−1) pH EC (dS m−1) pH

At the begin-
ning

After 1  month At the end of 
experiment

At the begin-
ning

After 1 month At the end of 
experiment

C 2.20 ± 0.55 c 8.20 ± 0.40 a 0.10 ± 0.01 c 0.11 ± 0.01 c 0.12 ± 0.01 b 6.25 ± 0.17 b 6.25 ± 0.17a 6.12 ± 0.07 a
WW 1% 7.14 ± 1.20ab 7.29 ± 0.22 bc 0.11 ± 0.01 c 0.84 ± 0.07 b 0.84 ± 0.07 a 6.74 ± 0.11 a* 6.19 ± 0.18ab 5.08 ± 0.10 b*
WW 2% 8.61 ± 0.86 a 7.38 ± 0.11 b 0.16 ± 0.01 c 1.26 ± 0.20 a 0.31 ± 0.28 a 6.72 ± 0.03 a 4.84 ± 0.50d 5.59 ± 0.13 b
BW1% 6.16 ± 0.14 b 7.60 ± 0.11ab 0.85 ± 0.01 b 1.0 ± 0.1 ab 1.10 ± 0.17 a 3.87 ± 0.01 c 6.09 ± 0.57b 5.32 ± 0.09 b
BW2% 2.29 ± 0.33 c 6.58 ± 0.44 c 1.58 ± 0.12 a* 1.28 ± 0.24 a 0.88 ± 0.05 a* 3.20 ± 0.01 d 5.90 ± 0.86c 4.64 ± 0.23 c
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Conclusions

The effects of SWRs on soil physical and hydraulic proper-
ties were found to depend on the quantity and type of SWRs 
applied. Despite the potential of SWRs to increase WHC 
and AWC of the soil because of their absorption properties, 
the results of rain water balance showed higher drainage and 
less rainwater storage in the three rainfall events, likely due 
to modifications of the pore system by mixing wool resi-
dues in the soil. However, soil physical properties improved 
notably by an increase of large size and water-stable aggre-
gates, influencing bulk density, porosity and Ksat. SWRs 
could thus be successfully applied to enhance physical and 
chemical soil properties to improve soil functions as soil 
infiltration capacity and reduce soil erosion risk. Neverthe-
less, further research is required to study the wide range of 
effects (e.g., chemical, physical and hydrological) of SWRs 
application on other soil types (e.g., finer textured soils) and 
in field conditions.
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