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ARTICLE INFO ABSTRACT
Keywords: Vermicompost is an organic material that is abundant in humic acids and nutrients. It is obtained
Organic amendments through the bio-oxidation and stabilization processes carried out by earthworms. It has been
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proven to bring several benefits to different soil properties, including bulk density, soil structure,
and plant available water capacity (PAWC). This investigation was conducted to fill the knowl-
edge gap in some critical factors related to vermicompost application, specifically the short-term
influence of a single vermicompost application with increasing doses on soil wettability and
physical quality of differently textured soils. Water repellency of vermicompost and soil/vermi-
compost mixtures was investigated at different moisture contents by the water drop penetration
time test, whereas physical quality was assessed by 35 soil indicators related to bulk density, soil
water retention curve, and pore size distribution function.

Despite vermicompost showed from strong to severe hydrophobicity at moisture content lower
than the field capacity, amended soils were at the most slightly water repellent thus indicating
that, under field conditions, the hydrophobicity attributable to soil amendment with vermi-
compost could be considered negligible. Soil physical quality was effectively affected by vermi-
compost addiction with different outcomes depending on soil texture. Indicators linked to PAWC
generally increased at increasing the vermicompost rate in the coarse soils whereas no significant
effect was observed for intermediate and fine soils. For example, plant available water capacity of
coarse-textured soils increased from an average initial value of 0.056 cm® cm™ to an optimal
value of 0.15 cm® ecm 2 when a vermicompost addition dose of about one-third by volume (34 %)
was applied. In the finest soil, drainable porosity significantly increased from an initial value of
0.09 cm® em ™3 t0 0.23 em® cm ™2 when the maximum vermicompost dose (43 %) was applied thus
indicating that amendment could be effective in enhancing water and air circulation.

1. Introduction

Soil organic matter is a dynamic soil component that represents a main source for several ecosystem services critically important for
human well-being and nature conservancy [1]. It is well known that intensive agriculture can be a major cause of fertility loss and soil
degradation [2]. By worsening the physical, chemical, biological, and ecological components of the soil, soil degradation implies an
overall decline in soil quality and a possible consequent reduction in ecosystem functions and services [2,3]. Several technological
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options were suggested in the literature for soil organic matter management and, therefore, for improving soil quality [4]. Practically,
they consist of controlling the organic carbon losses by reducing soil erosion, decreasing leaching, and minimizing soil organic matter
decomposition or, alternatively, increasing soil organic matter content through the use of amendments [4-6]. It has been widely
proven that amendments have beneficial effects on soil quality and water availability, thus resulting in higher crop yields [7-9].
Depending on the agricultural sectors considered (i.e., conventional open-field or greenhouse agriculture) or plant type (food crops or
ornamental plants), several organic soil amendments are available to increase soil water availability [10]. For example, coconut fiber,
sphagnum, and peat represent the basis for substrates creation in nursery, and for high-income ornamental crops [11-13]. On the other
hand, under extensive field crops, traditional amendments such as aged manure and compost, or more innovative ones such as biochar,
are generally reported in the literature as effective in improving the physical-chemical soil properties [14-17].

Recently, the use of vermicompost as an organic soil conditioner has progressively increased also due to its contribution to sus-
tainable management and recycling of organic waste [6-18]. Vermicompost, or called worm humus, is the product of the bio-oxidation
and stabilization processes of organic material (e.g., food waste, horticultural waste, poultry droppings, food industry sludge, and so
on) by earthworms, to obtain an organic material highly rich in humic acids and nutrients. In terms of benefits for crops, vermicompost
is considered a sustainable source of macro- and micro-nutrients, because it is a source of mineral nutrient elements that are easily
available for plants growth [19]. Application of vermicompost favored the survival of soil bacteria and actinomycetes and reduced the
number of soil fungi [20]. Earthworms act as a natural bioreactor. Their activity stimulates the rate of decomposition of organic
residues but, thanks to their motion into the soil, improves its structure and aeration, resulting in increased porosity, infiltration, and
water retention [21,22]. Therefore, vermicompost is usually considered a natural and sustainable soil improver [23,24]. Several in-
vestigations reported the benefits of vermicompost application on different soil properties, including bulk density [25] or water use
efficiency [26], but little literature has considered thoroughly the impact of vermicompost addition on soil water retention [27]. For
two different soils, for example, Rivier et al. [28] evaluated the effect of compost and vermicompost addition on soil structure, soil
water retention and water use efficiency. They reported that the application of both organic amendments improved soil water holding
capacity, increased the macro-aggregates, and reduced soil bulk density, even at small application rates. Liu et al. [29] reported that
vermicompost can significantly improve soil water permeability and retention thus ultimately improving the available water content.

Using vermicompost could be recommended to improve the water retention of coarse-intermediate textured soils or, more
generally, to balance the water-to-air ratio in intermediate-fine textured ones [30]. However, to our knowledge, few in-depth eval-
uations of vermicompost effect on agricultural soils are available, and none of them aimed to compare the effects on contrasting soil
texture. In fact, most studies have considered the impact on one-two soil’s physical properties, e.g., stability of soil aggregates [31,32],
bulk density [32-34] soil porosity [33-35] or water content at field capacity and wilting point [25-32], but there are no studies that
simultaneously evaluated the effects on several physical soil properties as a function of both different soil textures and increasing
amendment rates. A possible drawback of vermicompost amendment, not adequately considered in the available literature, could be
related to the reduced soil wettability given it is commonly accepted that soil water repellency (SWR) is caused by organic compounds
derived from living or decomposing plants or microorganisms [36]. However, the composition of organic matter rather than its total
amount was found to influence SWR [37,38]. Furthermore, evaluating the short-term impact of amendment deserves interest given the
soil wettability and the related physical properties can be modified, even immediately after vermicompost incorporation, with un-
predictable effects on the soil hydrological processes. A simple assessment of SWR can be conducted by the water drop penetration time
(WDPT) test which consists of placing a drop of water on the soil surface and measuring the time for it to penetrate [39]. Despite the
WDPT test has been criticized [40,41] it still remains the most widely applied option for SWR assessment [42,43].

Evaluation of the effects of organic amendments on soil physical properties and water retention, can be made by estimating several
soil indicators from the soil water retention curve [5,44-46]. For instance, Reynolds et al. [5] suggested using some capacity-based
indicators accounting for the soil’s ability to store and provide water and air to the crops, such as macroporosity, air capacity, rela-
tive field capacity, and plant available water capacity. On the other hand, when the entire soil water retention curve is available, it is
possible to derive the pore volume distribution function and its related “location” and “shape” parameters [5]. The aforementioned soil
physical indicators were widely and profitably used also to evaluate the impact of soil organic matter on the soil water retention of
natural [15-45] and repacked [13-47] soil samples. A third approach for water retention curve analysis is based on the S-theory
proposed by Dexter [44]. The S-index represents the magnitude of the slope of the soil water retention curve at the inflection point
when such curve is expressed as gravimetric water content vs. the natural logarithm of the pressure head. According to Dexter [44], the
inflection point should be able to discriminate the non-capillary from capillary porosity. Han et al. [48] suggested estimating some
inflection point indicators from the soil water retention curve parameters expressed by the van Genuchten [49] model, including the
effective porosity and a pore distribution index.

This investigation was conducted to evaluate the impact of increasing levels of vermicompost addition on the physical properties of
five soils with different textures, from coarse to intermediate and fine. Specifically, hydrophobicity of vermicompost and soil/ver-
micompost mixtures was preliminarily evaluated in the range of moisture content from field capacity to oven-dry. Then, the impact of
amendment rates up to about 50 % was evaluated in terms of modification of soil bulk density, water retention, and 15 indicators of
soil physical quality. Therefore, the investigation structure can be summarized by the following steps: i) selection of five soils with
different physical properties, with particular attention to the water retention capacity; ii) preparation of soil/vermicompost mixtures,
until relatively high levels of soil amendment are achieved (0-43 %); iii) evaluation of soil/vermicompost mixtures effects on soil
properties, including hydrophobicity, bulk density, macroporosity, air capacity, relative field capacity, plant available water capacity,
indicators from the pore volume distribution function and from the inflection point of the water retention curve; iv) discussion about
the practical impact of soil amendment on water availability for plants growth.
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2. Material and methods
2.1. Soils and experimental materials

Five soils of different textures were collected in Sicily and Apulia, namely at Palermo Orleans (OR), Bari CREA (CR), Palermo
Campus UNIPA (UN), Taranto Ginosa (GI) and Taranto Castellaneta (CA). Soil use of the selected fields was fallow, grass lawn, or
orchard (Table 1). For each site, about 20 kg of soil was taken in the upper layer of soil profile (up to 20 cm) and stored in the lab-
oratory, where it was air-dried and sieved to a diameter of 2 mm. Soils were characterized by standard laboratory techniques to
determine the particle distribution [50] and the main chemical soil properties, including organic matter, pH, electrical conductivity,
cation exchange capacity, and nitrogen content.

The vermicompost used in this investigation is a by-product of the digestion of cow manure by earthworms (Eisenia foetida) manu-
factured by CONITALO, Italian Lombrichi Breeding Consortium. The physico-chemical characteristics of the vermicompost were con-
ducted using standard laboratory techniques. In particular, after oven dried at 70 °C for 24 h, vermicompost was grounded to pass a <1-
mm sieve. Total organic carbon (TOC) and N contents were determined through the Dumas method (dry combustion method), using a
CHNS Analyzer (Flash EA 1112-CHNS, Thermo Electron Corporation). For the determination of total contents of Ca, K, Mg, Na, P, Fe, Mn,
Cu and Zn the samples were mineralized using microwave assisted pressure digestion and quantified by an ICP-OES optical spectrometer
(Varian Inc., Vista MPX). The remaining parameters listed in Table 2 were retrieved from the manufacturer’s technical sheet.

2.2. Soil/vermicompost mixtures

Soils and vermicompost were preliminary air-dried and sieved at 2-mm- sieve to remove coarse fragments and large vegetal res-
idues and then mixed at 19 amendment different proportions by weight: 0 (i.e., soil without amendment), 0.5, 1, 2,4, 5, 6,6.5,7, 8,9,
10,12,13, 15,17, 22, 33, 43 %. Therefore, a total of 95 repacked soil samples (19 concentrations x 5 soils) were prepared. Samples of
each soil/amendment mixture were obtained by compacting into 5 cm diameter by 5 cm height metal cylinders a dry mass of the two
constituents given by the following relationships [47]:

14
Ms _ pb,vpb,s (1)
pb,v + rpb.s
M, =rM; @

where M, (g) and M (g) are the dry masses of vermicompost and soil, respectively, pp,, (g em~3) and Pbs (8 em™3) are the dry bulk
densities of the two constituents, V (cm®) is the sample volume, and r is the ratio between dry masses of amendment and soil. Sample
preparation was conducted by filling the cylinder with the mixture in four successive steps and, for each step, by lightly pressing the
sample surface with a twisting motion using a pestle [47]. A flow chart explaining the procedural steps for determining soil physical
quality indicators is reported in Fig. 1. Considering steps 1-3 of the flow chart (i.e., starting from the preparation of the samples, going
through their saturation phase, and the subsequent water retention curve determination), the incubation time of soil samples was less
than approximately two months. When transferred to field conditions, the amendment rates considered in this investigation corre-
sponded to an air-dried vermicompost dose between 3-4 and 176-213 t ha™!, depending on the considered soil, for an application
depth of 5 cm.

Table 1
Sampling sites and main physical and chemical characteristics of the considered soils.
OR CR UN GI CA
Site Palermo Orleans Bari CREA Palermo Campus UNIPA Taranto Ginosa Taranto Castellaneta
Latitude, Longitude 38.107208N 41.110366N 38.107184N 40.461383N 40.51246N
13.349832 E 16.877836 E 13.351942E 16.84105 E 16.886826 E
Land use Grass lawn Fallow Citrus orchard Vineyard Citrus orchard
Clay, CI (%) 30 17 18 16 6
Silt, Si (%) 34 40 30 13 21
Sand, Sa (%) 36 43 52 71 73
Texture USDA clay loam loam sandy loam sandy loam sandy loam
Texture group fine intermediate coarse coarse coarse
Organic Matter, OM 3.65 4.57 6.15 1.55 0.60
(%)
pH 7.69 7.53 7.99 7.90 7.35
EC (dSm™) 0.29 0.42 0.34 0.13 0.20
CEC (cmol kgfl) 28.7 11.76 25.31 6.14 5.40
N (%) 0.21 0.24 0.32 0.099 0.029
C (%) 212 2.65 3.57 0.90 0.35
C/N ratio 10.10 11.04 11.16 9.09 12.07

WRB classification
[51]

Chromic Cambisol
(Loamic)

Chromic Cambisol
(Loamic)

Terric Chromic Cambisol
(Loamic)

Chromic Cambisol
(Loamic)

Terric Chromic Cambisol
(Loamic)
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Table 2

Chemical characteristics of the considered vermicompost.
Water Ash pH EC TOC N Ca K(g/ Mg Na P Fe Cu Mn Pb Zn
content content ) (ds/ (%) (%) g/ kg) (g/ g/ g/ (g/ (mg/ (mg/ (mg/ (mg/
(%) (%) m) kg) kg) kg) kg) kg) kg) kg) kg) kg)
7.6 56.7 7.5 3.1 19.7 15.6 39.9 15.2 12.7 3.7 9.5 14.2 67.0 718.4 n.f. 265.6

EC = electric conductivity; TOC = total organic carbon; N = total nitrogen; Ca = total calcium; K = total potassium; Mg = total magnesium; Na = total
sodium; P = total phosphorus; Fe = total iron; Cu = total copper; Mn = total manganese; Pb = total lead; Zn = total zinc (n.f. = not found).

3. Hanging water
column apparatus
e 0and \ and pressure plate
43%(w/w) 2\ extractors

4. Parameterization =
of water retention 1 5. SPQ indicators
function with vG determination

model using RETC

Fig. 1. Flow chart of the procedural steps for soil physical quality (SPQ) indicators determination: 1. Preparation of sieved soil and vermicompost,
2. Soil/vermicompost mixture in cylindrical samplers, 3. Soil water retention determination, 4. Parameterization of soil water retention function and
5. Determination of the three groups of SPQ indicators, i.e., capacitive indicators, location and shape parameters of pore volume distribution
function, and related to the inflection point of soil water retention function.

2.3. Assessment of vermicompost wettability

The water drop penetration time (WDPT) test [36-50,52] was applied to evaluate the hydrophobicity of vermicompost at four
reference water content values. Specifically, sieved vermicompost was compacted to a height of approximately 1 cm into metallic trays
having dimensions of 10.5 x 17.0 cm?. Two samples were established at air-dried (AD) and oven-dried (OD) conditions. In the latter
case, the sample was dried for 24 h at 105 °C and then cooled for 2 h in a silica gel desiccator before conducting the WDPT test. Two
samples were preliminary saturated and equilibrated into a pressure plate apparatus (Soil Moisture Equipment Corp., Santa Barbara,
CA) at pressure head values of h = —100 and —15000 cm, i.e., at field capacity (FC) and permanent wilting point (WP). For each
pressure head value, the soil water content was determined by the thermogravimetric method after subtracting the total weight of
water added for the WDPT test. For each vermicompost sample, 20 drops of distilled water, each having a 60 + 5 pL volume, were
placed on the sample surface, and the time for complete infiltration was recorded. Drops were placed according to a square grid of 20
x 20 mm? by micropipette from a height of 10 mm to avoid excessive kinetic energy.

To evaluate the influence of vermicompost on the wettability of the amended soils, five 10.5 x 17.0 x 1.0 cm® repacked samples of
air-dried soil/vermicompost mixtures at 43 % proportion by weight were prepared and the WDPT test conducted according to the same
experimental procedure. Given all the considered soils were not hydrophobic under air-dried conditions (WDPT = 0), only the highest
concentration was considered to assess the maximum possible effect of vermicompost in trigging soil water repellency.

The SWR classification suggested by Bisdom et al. [53] was used to classify soils according to different WDPTs, that is < 5 s
(wettable, W), 5-60 s (slightly hydrophobic, SLH), 60-600 s (strongly hydrophobic, STH), 600-3600 s (severely hydrophobic, SEH)
and >3600 s (extremely hydrophobic, EXH). The repellency class was determined for each of the 20 droplets and the frequency
distribution of the repellency classes for each sample was calculated [54].

2.4. Soil water retention curve and bulk density determination

Soil water retention curve in the range of soil pressure head (h) values —100 < h < —5 cm was determined by a hanging water
column apparatus [55]. The apparatus consisted of a sintered porous plate with an air entry value of —200 cm connected to a graduated
burette that may move vertically allowing to set different pressure head values and to measure the water drained from the sample.
After preparation, each soil sample was placed on the porous plate surface and progressively wetted by capillary rise until full
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saturation. Saturation was carefully completed in four successive equilibrium steps of 24 h each at h values of —20, —10, and —5 cm
followed by sample submersion (h = 0). Then, the samples were subjected to a drainage cycle consisting of a sequence of 11 decreasing
pressure head values (h = -5, —7.5, —10, —15, —20, —25, —30, —40, —50, —70, and —100 cm) and the volume of water drained into
the burette at equilibrium recorded. The volumetric water content, 6 (cm® cm™3), at each equilibrium stage was calculated by adding
the drained volumes to the final 6 value determined at h = —100 cm by weighting the sample after oven-drying at 105 °C for 24 h. The
sample dry soil bulk density, p (g cm~3) was also calculated from the oven-dried weight [56]. For each vermicompost/soil mixture
considered, the water retention data at pressure heads in the range —15000 < h < 330 cm were determined in pressure plate extractors
on three replicated samples of 5-cm-diameter by 1-cm-height [57]. Therefore, 15 pairs of volumetric soil water content-soil pressure
head, 6-h values were measured for each soil/vermicompost mixture.

The unimodal van Genuchten (vG) water retention function [49] was fitted to the data by the RETC software [58]. To accurately
estimate the water retention curve, model fitting was performed by optimizing all the parameters (i.e., 0y, 05, « and n) of the vG model [59].

2.5. Soil physical quality indicators

Three groups of soil physical quality indicators, derived from the measured soil water retention curve, were considered in this
investigation [15-50,52-60]. The first group consists of widely used soil indicators accounting for the soil’s ability to store and provide
water and air to the crops [5], such as macroporosity, air capacity, relative field capacity, and plant available water capacity. The
second group includes “location” and “shape” parameters of the pore volume distribution function, as suggested by Reynolds et al. [5].
The third group includes indicators related to the inflection point of the water retention function: soil pressure head, soil water content,
slope of the water retention curve, soil porosity, and pore distribution index. According to Dexter [44] and Han et al. [48], the in-
flection discriminates the non-capillary (macropores) from capillary porosity. Overall, a total of 15 soil indicators were therefore
considered. The specific characteristics of the considered soil physical quality indicators are given below.

2.5.1. Capacitive-based indicators

Four capacitive indicators of soil physical quality, that account for the water-air ratio into the soil, were considered in this first
group, namely macroporosity, Pyac (cm® em™3), air capacity, AC (cm® cm™2), relative field capacity, RFC, and plant available water
capacity, PAWC (crn3 cm’3):

Pyac =05 — On 3)

AC=0; -0 4
O

RFC=-"- 5
0, ©)

PAWC = 0. — Opyp (6)

where 05, O, O and 0y, are the volumetric water contents (em® em™®) corresponding to a pressure head h = 0, —10, —100 and
—15000 cm, respectively [5].

2.5.2. Pore volume distribution indicators

Location parameters (modal, dpoq (pm), median, dy,eq (pm), and mean, d,, (pm) diameters) indicative of central tendency, and shape
parameters (standard deviation, SD (um), skewness, Sk, and kurtosis, Ku) indicative of spread, asymmetry, and peakedness, respec-
tively, of the soil pore volume distribution function, were calculated as follows [5]:

dmod = @ (7)

m-1/n
2980

Ared = 701/,1 (8)
(0.571/m —1)

d = exp (111 do1s +1n 6:130.50 +1n d0.84) ©)

_ Indogs — Indois | Indoos — Indyos
SD =exp ( i €6 > (10)
Sk :l {111 do16 +1ndogs — 2(In doso) i In dy.o5 + In do.os — 2(In dy.s0) a1
2 (ll‘l d0.84 —In d0.16) (ll‘l d0.95 —In d0.05)
Ku In dopos — In doos (12)

- 244(1I1 doAzs —1In d0.75)
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where m = 1-1/n and dy g5, do.16, do.25, do.50, do.75, do.84, do.95, are equivalent pore diameters (um) obtained from the capillary rise
equation for given normalized water content values. The reader is referred to Reynolds et al. [5] for further details.

2.5.3. Inflection point indicators

Considering the vG model for the soil water retention curve, the soil parameters at the inflection point, i.e., pressure head value, hs
(cm), water content, Oins (cm® em™), slope of the water retention curve, S, porosity from saturation to infection point, POR;s (cm®
em~%) and pore distribution index, 1,y were calculated according to Han et al. [48]:

1
Ring :1<1)n (13)
a\m
Ouns = (6, — 6,) {1 + %] o, a4
201 (7%)
n— n-2
s:n(asfe,){nil} (15)
PORyys = (65 — Oy (16)
j-inf :S/ginf (17)

2.6. Data analysis

For each soil, a linear regression analysis was performed between each considered soil variable and the vermicompost application
rate, . Specifically, the considered soil variables were: volumetric soil water content at selected pressure head values (i.e., 0s, 675, 010,
915, 920, 625, 630, 940, 950, 97(), 9100, 9330, 91030, 63060, and 915300), parameters of vG model (6,, es, a and n), soil bulk density (pb),
capacitive-based indicators (Ppac, AC, RFC, PAWC), location and shape parameters of pore volume distribution function (dnod, dmed,
dm, SD, Sk, Ku) and inflection point indicators (hins, Oin, S, PORinf, Aing). Therefore, 175 correlations (35 soil indicators x 5 soils) were
considered. The influence of vermicompost addiction was investigated by assessing the significance of the regression coefficients
between the considered soil variables and the vermicompost to soil ratio, r (p = 0.05). Furthermore, for the significant correlations, the
range of variability of each considered variable was calculated in the range between zero (non-amended soil or control) and the
maximum vermicompost application rate (i.e., r = 43 %).

3. Results
3.1. Soil and vermicompost characteristics

According to the USDA classification, the five soils were sandy-loam (Castellaneta, CA, Ginosa, GI, and UNIPA, UN), loam (CREA,
CR), and clay-loam (Orleans, OR) (Table 1). The percentage of fine particles, i.e., the sum of clay and silt content, ranged from 26 to 64
% following the order CA < GI < UN < CR < OR. According to common and practical criteria for soil textural grouping e.g., [61], three
soils (CA, GI, UN) were coarse-textured soils and the remaining intermediate (CR) or fine (OR) textured soils. The selected soils belong
to the Reference Soil Group of the Chromic Cambisols, according to the classification of the IUSS WRB Working Group [62].

Overall, the soils had very low organic matter (OM) contents (Table 1). With the only exception of the coarse soil at the UN site (OM
= 6.14 %), the coarse soils showed lower organic matter contents (OM = 0.6-1.6 %) than the intermediate-fine soils (OM = 3.7-4.6 %).
According to literature references suggesting a lower critical threshold of OM equal to 4 %, and optimal values in the range of 5-9% [5,
51], only UN and CR soils had adequate levels of organic matter, while the other soils were poorly rated. The soil pH ranged from
neutral to moderately alkaline (7.3-8.0) and electrical conductivity was in general very low (<0.42 dS mb.

The vermicompost had levels of moisture and ash contents of 7.6 and 56.7 %, respectively, and a pH of 7.5; also, TOC and N
contents were equal to 20 % and 16 %, respectively (Table 2). Therefore, due to oxidative processes, it has lost some organic matter, as
compared both to the values reported in the manufacturer’s technical sheet and the references (i.e., European standard NF U44-051
sets minimum thresholds of C/N at 8 and dry matter at 30 %). In accordance with the European law for “organic soil improvers-
designations, specifications and marking”, threshold limits for metallic trace elements (e.g., Cu and Pb) were always below the
limits (Table 2). Likewise, P, K, and N were lower than the references, i.e., not higher than 3 % [24].

3.2. Influence of vermicompost on soil wettability

For the vermicompost, the median water drop penetration time was minimum at field capacity (FC) (WDPT = 3 s) and maximum
under air-dried (AD) conditions (WDPT = 778 s). Intermediate median values of WDPT were obtained at permanent wilting point (WP)
(WDPT = 169 s) and after oven-drying (OD) (WDPT = 250 s) (Table 3). According to the soil water repellency classification by Bisdom
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etal. [53], 95 % of the individual WDPT values fell in the non-repellent class (WDPT <5 s) when the vermicompost was wetted at FC (h
= —100 cm) (Fig. 2a). Vermicompost wettability decreased at WP (h = —15000 cm), given all individual droplets fell in the strongly
hydrophobic class (60 < WDPT <600 s), and was minimum for AD in which 95 % of the droplets showed severe hydrophobicity (600 <
WDPT <3600 s). Therefore, our results agree with literature that generally reported that dry soils exhibit the highest level of SWR
whereas, above a critical moisture content, soils appear to be wettable [63]. In the case of vermicompost, the critical moisture
threshold is located between FC and WP. It is not surprising that under OD condition vermicompost hydrophobicity was lower than
under AD one. Indeed, it is likely that the organic matter content was partially volatilized during oven-drying treatment thus resulting
in a lower hydrophobicity. For instance, reusing the same sample after oven-drying at 105 °C resulted in a decrease of the soil water
repellency of two forest soils with similar OM content [54].

The median WDPT of soil/vermicompost mixtures ranged from 9 s (CA) to 33 s (OR) and generally increased following the same
order of the percentage of fine particles, i.e. CA < UN < GI < CR < OR (Table 3). According to Bisdom et al. [53] classification, 100 %
of the individual WDPT values for all the considered soils fell in the slightly repellent class (Fig. 2b). Therefore, addiction of vermi-
compost at the highest proportion rate determined the occurrence of a limited hydrophobicity in the tested soils. However, given the
water repellency of vermicompost was maximum under air-dried conditions and declined as the vermicompost wetted, it can be argued
that, under normal operative conditions, i.e., for lower vermicompost proportions and higher soil water contents, the hydrophobicity
attributable to soil amendment with vermicompost could be considered negligible.

3.3. Vermicompost effects on water retention curve parameterization and soil bulk density

The vG unimodal model for the water retention curve adequately fitted the experimental data, with maximum average error (MAE)
and root mean square error (RMSE) that were in the range 0.005-0.0022 cm?® em 3 for MAE, and 0.010-0.0018 cm?® ¢cm 3 for RMSE.
Practically, individual maximum discrepancies between measured and estimated values were at most equal to 0.04 cm® cm ™3 (only ata
single soil pressure head value for UN).

For each considered soil and amendment rate, the results of water retention curves parameterization, carried out with vG model,
are reported in Fig. 3. As expected, the retention curve scale parameter, n, of non-amended (control) soils increased from finer to
coarser soils, ranging from 1.38 (OR) to 2.06 (GI). No particular trend was observed for 0;, 6, and « parameters of control soils even if
the former increased, as expected, from coarse soils to intermediate ones. The residual water content, 0,, should be considered as a
fitting parameter without a clear physical meaning.

Regardless of the considered soil, 6, and 6; significantly increased as the vermicompost to soil ratio increased, with determination
coefficients (R?) of the regression lines that generally increased from finer to coarser soils (Fig. 3). The same increasing and significant
trend was detected for the o parameter of CA and GI soils but not for the other soils. Both increasing and decreasing trends, depending
on the soil texture class, were obtained for n parameter (Fig. 3). A singular feature was observed for this parameter with a significantly
increasing (o decreasing) trend for vermicompost concentrations up to about 15-17 % (R?> = 0.86-0.88) followed by a plateau that
highlights how higher vermicompost concentrations were no more effective in modifying the shape of the water retention curve. It was
therefore concluded that vermicompost amendment had a significant general effect on the water retention curve of the considered
soils.

A highly significant decreasing relationship between soil bulk density (pp) and vermicompost to soil ratio was observed for the five
soils with coefficients of determination in the range of 0.80-0.95 (Fig. 4). The soil pp decrease is an expected consequence of the lower
weight of the amended soils when an increasing percentage of vermicompost (p, = 0.409 g cm™>) is added.

The volumetric water content generally increased with increasing the vermicompost dose with the only exception of the OR soil at
very low soil pressure head values (i.e., between —330 and —15300 cm), where a decreasing trend was detected. Table 4 reports the
coefficients of determination for the linear regressions between the volumetric water content, 6, at three reference values of applied
pressure head (h = —10, —100, and —15000 cm) and the vermicompost to soil ratio, r. The generally observed positive correlation
between 6 and r highlights that the vermicompost addiction was effective in increasing the water retained by the soils. The reliability of
the regression model was affected by soil texture and the considered pressure head value, given the coefficients of determination
changed depending on these variables (Fig. 5). On average, the coefficients of determination were highest for CA and lowest for UN
soils (i.e., 0.73 and 0.13, respectively). A minimum R? value was always detected that fell in the range from —20 to —100 cm of soil
water pressure head (Fig. 5a). According to capillary law, this range of h corresponds to the size of the largest pores that are full of

Table 3

Statistics of water drop penetration time, WDPT, test (s), of vermicompost at different reference water content and the soil/vermicompost mixture at
43 % proportion by weight (OD = oven dried; AD = air dried; WP = wilting point; FC = field capacity; OR = Orleans; CR = CREA; UN = Campus
UNIPA, GI = Ginosa; CA = Castellaneta).

Vermicompost Soil/vermicompost mixtures

OD AD wp FC OR CR UN GI CA
min 182 588 90 2 25 16 6 12
max 369 888 527 7 44 27 15 16 11
mean 256 756 210 3 34 21 11 14
median 250 778 169 3 33 19 11 14
CV% 22 12 64 37 18 17 25 11 12




M. Castellini et al.

100%

80%

60%

40%

Heliyon 10 (2024) 35699

1 | 5% 100%

1 80%
mEXH EX

] 0% mEXH

u SEH u SEH

100% 100% 95% u STH 100% 100% 100% 100% 100% uSTH

1 SLH  40% SLH

w w

1 20%
‘ aat 0%

oD AD wp FC a) OR CR UN GI CA b)

Fig. 2. Classification of SWR for a) the vermicompost at different reference water contents and b) the soil/vermicompost mixtures at 43 % pro-
portion by weight (W = wettable; SLH = slightly hydrophobic; STH = strongly hydrophobic; SEH = severely hydrophobic; EXH = extremely hy-
drophobic; OD = oven dried; AD = air dried; WP = wilting point; FC = field capacity; OR = Orleans; CR = CREA; UN = Campus UNIPA, GI =
Ginosa; CA = Castellaneta).
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water between 30 and 150 pm thus indicating that vermicompost addiction is less effective in determining modification of water
retention in this pore size class. The pressure head h value corresponding to the minimum R? value increased as the clay content of soil
increased (but similar findings were obtained when the percentage of fine particles was considered), suggesting that the effectiveness
of vermicompost addiction also depended on the soil texture (Fig. 5b).

3.4. Vermicompost effects on soil physical quality indicators

3.4.1. Capacitive-based indicators

For coarse (GI and CA) and fine (OR) soils, macroporosity (Ppac) significantly increased as the vermicompost dose increased while
no trend was observed for the remaining soils (CR and UN) (Table 5). The increase in soil macroporosity was larger for coarse than fine
soils, given Pyac increased from O to 0.03 em® em ™2 and from 0.01 to 0.05 cm® em ™2 for GI and CA, respectively, as a consequence of
vermicompost addiction at a rate of 43 % while, for the same application dose, the increase in Pyac was only of 0.004 cm® cm ™ for OR
soil.

Vermicompost amendment determined an increase in air capacity (AC) for OR and UN soils and a decrease in AC for CA soil
(Table 5). The increase in soil air capacity was larger for the fine OR (Axc = 0.14 cm® ecm ™) than the coarse UN soil (Aac = 0.05 cm®
em™3). The capacity-based indicators Pyc and AC (egs. (3) and (4)) are expressive of the water retained in pores with equivalent
diameter higher than, respectively, 300 and 30 pm. Therefore, vermicompost addiction was effective in increasing the relative volume
of both the porosity classes in the fine OR soil, of only the smaller porosity class in the intermediate UN soil, whereas it increased the
larger class (Pyac) and decreased the smaller one (AC) in the coarse CA soil. Independently of the statistical significance, it is worth
noting that Pya¢ trend was always positive with r, i.e., it increased with vermicompost addiction, whereas the AC trend inverted its
sign in the passage from fine to coarse soils. Indeed, the highest positive correlation coefficient was obtained for OR soil (percentage of
fine particles, Si + Cl = 64 %) and the lowest negative correlation coefficient for CA soil (Si + Cl = 26 %) (Table 5).

The relative field capacity (RFC; eq. (5)) significantly increased with vermicompost for the coarse soils (CA, GI) and significantly
decreased for the fine one (OR), showing no trend for the remaining soils. Modeled data suggested that RFC increased from 0.41 to 0.72
for CA and from 0.52 to 0.63 for GI, while it decreased from 0.78 to 0.57 for OR. Considering that the optimal balance between the
root-zone soil water capacity and the soil air capacity occurs in the range 0.6 < RFC < 0.7 [64], amendment with vermicompost
resulted effective in correcting the water-limited or the air-limited conditions occurring, respectively, in coarse and fine soils.

Plant available water capacity (PAWC; eq. (6)) significantly increased only for coarse soils (GI and CA) with a more marked effect
on the coarsest soil given that, compared to the control, PAWC increased by 0.24 cm® cm ™3 (Table 5). The ideal condition for maximal
root growth and function corresponds to PAWC > 0.20 em® cm™3 [64]. Thus, vermicompost amendment yielded a remarkable
improvement of the soil physical quality classification according to this indicator that shifted from “poor” (PAWC < 0.10 cm® em™~3) to
optimal for coarse-textured soils.

3.4.2. Pore volume distribution indicators

The location parameters of the pore volume distribution function, dpog, dmeq and dp, (egs. (7)-(9)), always increased significantly
with the vermicompost rate for OR and UN soils; the former soil showed the largest increments in dy;04, dmeq and dp, that increased by a
factor 2, 6 and 10, respectively, from r = 0-43 % (Table 5). The opposite result was found for the CA soil that showed d;,.q and d,, values
that significantly decreased with the vermicompost rate and a negative, but not significant, trend for d;;,q. No correlation was in
general observed between the location parameters and r for the CR and GI soils. Lastly, d;oq always significantly increased, except for
CA and CR soils for which a significant relationship was not observed (Table 5). The effect of vermicompost addiction on shape in-
dicators SD and Sk (eqgs. (10) and (11)) agreed with those obtained for capacitive indicators, with an opposite behaviour between
coarse and fine soils (Table 5). Finally, kurtosis (Ku; eq. (12)) was found to significantly increase for the two coarsest soils (GI and CA)
while no significant relationships were observed for the other soils (CR, UN and OR).

In agreement with the optimal values proposed in the literature for these indicators [5], results suggested that improvements in
modal diameter were obtained only for coarse soils (UN and GI) because dp,q exceeded the suggested minimum optimal value of 60 pm
only when the highest dose was applied. The other indicators related to central values of the pore size distribution (dpeq and dy;)
generally exceeded the literature references suggested for agricultural soils [5]. Parameter SD quantifies the size range of equivalent
pore diameters, i.e., the sorting of pore diameters, with SD = 1 indicating no variation in pores diameter (pores with the same size).
Therefore, increasing SD indicates an increasing range in pore diameters [5]. This occurred only for coarse soils (GI and CA), while the
opposite result was detected for UN and OR sites. Negative Sk values indicate a pore size distribution shifted to small pores whereas
positive Sk values shifted to large pores. Therefore, the observed significant correlations suggested that the addition of vermicompost

Table 4

Coefficients of determination (R?) for the correlations between modeled soil water retention values and vermicompost application doses for three
selected pressure head values corresponding to matrix capacity (8;0), field capacity (0100) and permanent wilting point (615300). R? values with the
minus sign indicate decreasing correlations. The significant correlations were marked with asterisks (**p < 0.01; *p < 0.05).

Orleans (OR) CREA (CR) UNIPA (UN) Ginosa (GI) Castellaneta (CA)
010 0.5597%** 0.2255* 0.1795 0.3188* 0.5566%*
0100 0.0013 0.1862 0.0200 0.6316** 0.8263**
015300 —0.1498 0.7486** 0.2450* 0.8584** 0.9580%*
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Fig. 5. Values of the coefficient of determination (R?) for the linear regression between soil water content and vermicompost application rate as a
function of soil pressure head values h (a) (curve labels indicate the mean R? over the entire h range), and relationship between the h values
corresponding to the minimum R? values in figure a) and the soil clay fraction (Cl) (b) (OR = Orleans; CR = CREA; UN = Campus UNIPA, GI =
Ginosa; CA = Castellaneta).

Table 5

Coefficients of determination (R?) for the correlation between soil physical indicators and vermicompost rate. R? values with the minus sign indicate
decreasing correlations. The significant regressions were marked with asterisks (**p < 0.01; *p < 0.05). For each significant regression, the calculated
values between minimum and maximum vermicompost concentration (r = 0 and 43 %) are reported in brackets.

Orleans (OR) CREA (CR) UNIPA (UN) Ginosa (GI) Castellaneta (CA)
Priac (cm3 Cm’3) 0.2525* (0.01-0.014) 0.1170 (n.a.) 0.0115 (n.a.) 0.7809** (0-0.03) 0.3924** (0.01-0.05)
AC (em® ecm™3) 0.8542%* (0.09-0.23) 0.0001 (n.a.) 0.2652* (0.20-0.25) —0.0621 (n.a.) —0.2813* (0.29-0.18)
RFC (-) —0.6625** (0.78-0.57) 0.0266 (n.a.) —0.1394 (n.a.) 0.3424** (0.52-0.63) 0.5933** (0.41-0.72)
PAWC (cm®cm™)  0.0013 (n.a.) 0.1862 (n.a.) 0.0200 (n.a.) 0.6316** (0.08-0.18) 0.8263** (0.002-0.24)
dmoa (Pm) 0.7747** (16-38) 0.0787 (n.a.) 0.2138* (46-65) 0.3833** (50-72) —0.0005 (n.a.)
dimed (pm) 0.7554** (4-26) 0.0681 (n.a.) 0.2705* (28-49) 0.0251 (n.a.) —0.3511** (61-28)
dpy (pm) 0.7454** (2-21) 0.0615 (n.a.) 0.2709* (22-42) —0.0018 (n.a.) —0.5343** (57-18)
SD (-) —0.2116* (62 to —36) —0.0126 (n.a.) —0.2446* (13-8) 0.5222** (3-6) 0.8521** (2-9)
Sk (-) 0.5755** (—0.6 to —0.3)  0.0059 (n.a.) 0.2223* (—0.4to —0.3)  —0.5953** (—0.2to —0.4)  —0.8699** (—0.2 to —0.5)
Ku (-) 0.0346 (n.a.) —0.0035 (n.a.) —0.1868 (n.a.) 0.6153** (1.13-1.15) 0.8145** (1.13-1.16)
hing (cm) —0.6001** (181-50) —0.0002 (n.a.) —0.2616* (66-43) —0.2929* (59-41) 0.1569 (n.a.)
Oinf (em® cm’3) 0.8326** (0.22-0.46) 0.3911** (0.35-0.62) 0.7913** (0.26-0.54) 0.9300** (0.28-0.57) 0.8492** (0.23-0.52)
S(-) 0.9123** (0.04-0.18) 0.2202* (0.10-0.14) 0.7288** (0.08-0.17) —0.0514 (n.a.) —0.2518* (0.13-0.10)
PORyn¢ (cm® ecm ™) —0.0182 (n.a.) <0.0001 (n.a.) —0.0584 (n.a.) —0.3351** (0.37-0.32) —0.3972%* (0.35-0.31)
Aing (=) 0.5791** (0.22-0.51) 0.0026 (n.a.) 0.1968 (n.a.) —0.6231** (0.81-0.38) —0.7850** (0.81-0.24)

Puyac, macroporosity; AC, air capacity; RFC, relative field capacity; PAWC, plant available water capacity; dmoq, modal diameter; d;,.q median
diameter; d,,, mean diameter; SD, standard deviation, Sk, asymmetry, Ku, kurtosis of soil pores distribution; hj, soil pressure head at the water
retention curve inflection point; 6, soil water content at the inflection point; S, Dexter’s S index; POR;y, soil porosity at the inflection point; A, pore
distribution index.

improved the relatively higher proportion of larger pores of UN and OR soils (Table 5). It is interesting to note that, for OR soil, a
threshold behaviour was identified because, starting from a value of —0.65 (control), Sk values linearly increased to about —0.37
(vermicompost rate of about 17 %) to remain stable up to the highest vermicompost concentrations. Since this value approached the
optimal values suggested for this soil indicator (Sk = —0.43 to —0.41), the positive impact of the amendment is confirmed. The pore
distributions were leptokurtic (Ku > 1) for coarse soils (GI and CA), namely more peaked in the center and more tailed in the extremes
than the lognormal curve [5], with Ku values that were optimal (Ku = 1.13-1.14) approximately up to 20 % of vermicompost rate,
depending on the considered soil.

3.4.3. Inflection point indicators

Soil pressure head, hy;s (eq. (13)), at the inflection point of the water retention curve decreased significantly as the vermicompost
rate increased for GI, UN, and OR, while no trend was observed for the other soils. In particular, greater changes were detected for the
fine (about 130 cm) than coarse or intermediate (about 20 cm) textured soils (Table 5). Similarly to the 6-h results earlier reported, the
water content ;s corresponding to the inflection point (eq. (14)) always significantly increased with vermicompost rate. According to
the soil texture, the improvements in estimated 8y, i.e., differences between max and min values, increased from fine soils (Agins =
0.24 cm® em ™~ for OR), to intermediate (Ag;py = 0.27 and 0.28 cm® cm_3, respectively, for CR and UN) to coarse soils (Agins = 0.29 cm®
cm ™2 for both CA and GI); this confirms that the assumed sequence for soil texture groupings reasonably explains the effects of
vermicompost addiction with the higher improvements observed for coarse soils (Table 5). The slope of the water retention curve at the
inflection point (eq. (15)), increased as the vermicompost rate increased for OR, CR and UN and decreased only for CA soil. It is worth
noting that the regression equation shifted its slope by increasing the fine particle content from significantly negative (R? = 0.25) for
CA to significantly positive (R% = 0.91) for OR (Table 5). Soil porosity from saturation to infection point, POR;ys (eq. (16)) significantly
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decreased as the vermicompost rate increased only for the coarsest soils (GI and CA), suggesting an impoverishment in soil porosity (up
to 4-5%) when these soils amended with the highest dose of vermicompost. The pore distribution index, Ay (eq. (17)), significantly
decreased with the vermicompost rate for coarse soils (GI and CA) and increased significantly for fine (OR) soil (Table 5). In agreement
with the coarse texture of the GI and CA soils, Ay started from a common value of 0.81 for the control (r = 0), to reach 0.38 or 0.24 for
Gl and CA, respectively, when amended at r = 43 %. Overall, references of literature for this indicator suggest that it may decrease from
coarser to finer sandy soils [48]. Therefore, a decrease of Airas a function of amendment rate appears plausible, as a consequence of the
reduction in soil porosity. On the other hand, for the fine OR soil Ay significantly increased from 0.22 of the control to 0.51 atr = 43 %.
It is worth noting that the pore distribution index of a not amended fine soil could be comparable with that of sandy soil amended at the
higher vermicompost concentrations, as very similar results were detected between CA and OR (Table 5).

4. Discussion

According to literature findings, vermicompost addition can significantly mitigate the loss of organic carbon due to soil tillage [65].
However, the scientific literature relating to this soil amendment is particularly lacking regarding the overall effect on the main soil
physical and hydraulic properties, and a very limited literature reports its effects in the short-term. Specifically, most studies have
considered one or, at the most, two soil properties (i.e., bulk density, porosity, or aggregates stability), but there are no studies that
simultaneously evaluated the effects on several soil physical properties as a function of both different soil textures and increasing
amendment rates. For instance, Albiach et al. [31] evaluated the effect of 2.4 t ha™! yr™! of a commercial vermicompost on the ag-
gregates structural stability of a medium textured soil. They found that vermicompost did not produce any significant change in
stability of soil aggregates, suggesting that rates recommended by the producers are too low to be effective. Arabi et al. [34] evaluated
the effects of 2-6 t ha™! of vermicompost on the bulk density of a silty clay loam. According to their results, vermicompost significantly
improved the soil bulk density (already at the minimum rate of 2 t ha™!) and enhanced the water retention in aggregates compared
with the not amended soil. Mengistu et al. [33] studied the effects of 3.7-15 t ha ™ of vermicompost on the bulk density and porosity of
a sandy clay loam. The independently determined soil bulk density and porosity tended to decrease and increase, respectively, with an
increased rate of vermicompost application. However, such response was significant only when the vermicompost was applied at a
relatively higher rate (>11.25 t ha™?!). Consistent effects on soil porosity were reported by Azarmi et al. [35] for a loamy soil amended
with rates of 5-15 t ha™ L. Baghbani-Arani et al. [25] concluded that the treatments with vermicompost (2.7 t ha~!) were able to
alleviate water deficit stress. Vermicompost improved the biological yield of fenugreek by improving the physicochemical conditions
of the soil (e.g., water contents at field capacity and wilting point), especially in the water deficit stress conditions, thus reducing the
usage of chemical fertilizers in line with the goals of sustainable agriculture. An investigation on the effects of vermicompost on
multiple soil variables (i.e., water holding capacity, infiltration rate, bulk density, aggregate stability, and water use efficiency) for a
sandy clay loam soil was conducted by Sharma et al. [32], although they considered a biochar-vermicompost mixture for which the
vermicompost rate was selected only according to the recommended nitrogen dose.

Evaluating the short, or very short-term, effects of soil amendment could be decisive for water availability assessment in arid
environments or, more generally, during prolonged dry periods. However, although the medium-long-term effect on soil physical and
hydraulic properties is well documented, as reported for example by the review of Kranz et al. [6], the short-term impact has been
poorly considered. For example, Black et al. [66] reported that the effect on PAWC should be assessed within a few months of
implementation. Indeed, they studied the effects of compost at several application rates and showed that the PAWC of amended plots
was greater than not amended plots, but much of such increase was lost within about 6 months. Even shorter response times were
sometimes considered when the effect on soil bulk density was studied [6]. For instance, Somerville et al. [67] compared the
amendment effects on three textured soils after 3 months, showing a reduction in bulk density values of 15-25 % in amended soils. A
significant reduction of bulk density after 7 months of investigation was reported by Mohammadshirazi et al. [68] when they
compared tillage with and without compost application to a compacted control soil. Consequently, the present research accounts for
the effects on multiple soil indicators in the very short-time after amendment (<1-2 months), providing findings that fill a gap of
knowledge in this field of research.

Generally, the agronomic practice aimed at improving the soil physical properties using organic amendments also considers the
induced effects on soil fertility. In this case, the amendment rate for field application is more calibrated to improve the availability of
chemical elements than to improve the soil physical properties. For instance, Khalifa et al. [30] applied 5 and 10 t ha™! of vermi-
compost to reduce the water stress impact on some soil properties and on water productivity in terms of barley yield. The results
showed that vermicompost improved the physical and chemical properties of soils, as compared with compost, because soil bulk
density decreased by 2.2 %; also, there was a significant increase in soil organic carbon, available nitrogen, and field capacity by 44 %,
14 %, and 19 %, respectively [30]. However, to our knowledge, the amendment rate is never diversified according to the considered
soil texture or the expected effects. In their review on the effects of compost incorporation on soil physical properties in urban soils,
Kranz et al. [6] emphasized the fact that, among the current research gaps on this topic, the rates and depths of compost incorporation
were not experimentally determined or optimized using laboratory or field experiments.

In this investigation we considered two of the most critical experimental factors reported in the literature, namely the soil texture
and the amendment rate, to investigate the vermicompost effects on the soil water/air relationship and learn from the findings ob-
tained how far the estimates suggested for field amendments differ from those obtained in the laboratory. Since compost can have
hydrophobic behaviour, the amendment effects on the soil retention were evaluated in the very short-term, especially to account for
the possible negative implications when periods of prolonged dryness occur.

The selected soils included three relatively coarse-textured (sandy loam) soils (i.e., sand content between 53 and 74 %), as such
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soils are the most deficient in water retention and, consequently, they could mostly benefit from amendment. The minimum level of
PAWC should be at least equal to 0.15 cm® em 3 [5], being considered “poor” or “arid” those soils that can store, and provide, less than
0.10 cm® cm ™3 of water to plant roots. The three sandy loam soils had poor characteristics as, on average, they had PAWC of about
0.056 cm® cm ™2 far below the optimal range (Fig. 6). This means that, referring to rainfed agriculture, they would need a vermi-
compost addition dose of about one-third by volume (34 %) in the root zone to reach the goal of PAWC = 0.15 cm® cm . Conversely,
incorporating an average vermicompost amount of 15 t ha™!, as suggested in many applications, would not have a substantial impact,
as PAWC would increase only by about 0.066 cm® cm™2 (Fig. 6).

Reynolds et al. [5] applied 75 e 300 t ha~! of compost in the first 10 cm of a clay loam soil to assess the impact in terms of physical
quality and productivity. Regarding PAWC, they showed a lack of improvement (PAWC = 0.13 cm® cm™>) when they considered the
lowest amendment rate and an optimal improvement (PAWC = 0.22 cm® cm™>) when considered the highest level. Compared to the
control, the maize yield increased, respectively, by 1.4 or 2.1 t ha~! when the lowest and highest compost rates were added [5].

Our laboratory data for the sandy loam soils agreed with those by Reynolds et al. [5] because, concerning the first 5 cm of the soil, it
is expected to reach an acceptable level of PAWC by implementing about 146 tha ! of vermicompost. However, such effect of organic
amendment should be limited to a soil condition shortly after the main tillage, because the effect due to soil consolidation was not
considered in this investigation. Moreover, such estimation does not take into account the effect of hysteresis of the soil water retention
curve. For the UN sandy loam soil, Bondi et al. [47] showed that PAWC is strongly influenced by hysteresis with an average PAWC
value measured during the drainage that was 112 % higher than during wetting. Therefore, this effect could be easily considered by
determining, for example, the mean changes between the two main processes.

As expected, different soil physical quality parameters were affected by vermicompost addiction in the fine OR soil. The macropore
and drainable porosity increased as also confirmed by the central diameters of the pore size distribution function. Conversely, the
PAWC was practically unaffected. The decrease of SD and Ku and the shift of S highlighted that the pore size distribution tended to
become more uniform and skewed towards the larger pore diameters. The physical quality of the intermediate CR soil was minimally
affected by the vermicompost amendment. Therefore, the results unequivocally show that vermicompost influenced different soil
physical qualities depending on the soil texture, i.e., mostly water availability for plants in sandy loam soils and water/air circulation
capacity in clay loam soil. For the intermediate loam CR soil, addiction of vermicompost was less effective, and further investigation is
needed in these soils.

Another point that deserves further investigation is related to the temporal persistence of the amendment benefits. Overall, a
reduction in the soil water retention in larger pores could be expected some months (between 6 and 12) after organic amendment, as
reported for both coarse [69] and fine [15] textured soils. In both cases, soil reconsolidation determined an increase of soil bulk density
with a corresponding decrease of the capacitive indicators related to drainable porosity (AC and Pya¢) and an increase of those related
to water availability for plants (PAWC). Consistent results were obtained also with specific reference to the GI soil amended with 5 %
vermicompost (unpublished data). In this case, nine months after amendment, soil water content significantly reduced by 6 % at
saturation and 5 % at field capacity, thus determining a reduction of AC (from 0.02 to 0.01 em® em ™) and Pyac (from 0.26 to 0.25 cm®
cm’g), and an increase of PAWC (from 0.16 to 0.24 ¢cm® cm™3).

5. Conclusions

The application of vermicompost can effectively improve the physical quality of soils in terms of increased plant water availability
and equilibrate air-to-water ratio in the root zone. However, a possible drawback of vermicompost amendment could be related to the
induced soil hydrophobicity.

Despite being the subject of several studies, thorough evaluations of the impact of vermicompost addition on the soil hydropho-
bicity and water retention under different application rates and contrasting soil textures are lacking in the literature. This investigation
was conducted to fill the knowledge gap in these factors related to vermicompost application. At this aim, hydrophobicity of ver-
micompost and soil/vermicompost mixtures and 35 soil physical indicators related to bulk density, soil water retention curve and pore
size distribution functions were calculated for five differently textured soils (from sandy loam to clay loam) amended with vermi-
compost rates up to 43 % by weight that, for an application depth of 5 cm, corresponded to field doses up to 176-213 t ha™*.

Vermicompost was wettable at field capacity but showed strong to severe hydrophobicity for lower moisture contents. However,
even under the most severe conditions of moisture content (air dried condition) and application rate (r = 43 %), all the soil/vermi-
compost mixtures were slightly water repellent thus indicating that, for lower vermicompost doses and higher soil water contents, the
hydrophobicity attributable to soil amendment with vermicompost could be considered negligible.

An expected decrease in soil bulk density was observed as a consequence of the lower weight of the amended soils when an
increasing percentage of vermicompost was applied. This resulted in increased water retained in the entire range of the explored
pressure head values for the two coarsest soils (GI and CA) and in an increase of the water content only at higher h values (i.e., for larger
pores) for the finest OR soil. A limited effectiveness of vermicompost in improving water retained at intermediate pressure head values
(i.e., for h values between —20 and —100 cm) was also detected.

Consequently, different effects in terms of soil physical indicators were observed depending on the soil texture. In the coarse soils,
indicators linked to water availability for plants (PAWC and RFC) generally increased whereas the location indicators of pore size
distribution decreased, thus indicating that the most frequent pore diameter shifted towards lower sizes. The opposite result was
observed for the fine OR soil whereas no apparent effect of vermicompost addiction was observed for the intermediate CR soil. For the
three sandy loam soils, vermicompost application at rates of about 34 % allowed to improve the poor plant available water capacity
(PAWC < 0.10 cm® em ™) up to values close to optimal conditions recommended in the literature (PAWC > 0.15 cm® cm™3). In the fine
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Fig. 6. Relationship between the plant available water capacity (PAWC) and the dose of vermicompost added to the sandy loam soils.

OR soil, the PAWC was unaffected by vermicompost amendment but macropores and drainable porosity increased thus determining
more favourable conditions for air and water circulation.

There is still a need for verification in actual agricultural field conditions because a variety of factors, including vermicompost
properties and site-specific climate, may influence the temporal persistence of the amendment benefits. However, the present study,
despite being conducted at a laboratory scale, can be considered a first comprehensive step towards understanding the role of ver-
micompost in soil physical quality improvement under different application rates and textural classes. Moreover, the results are novel
as, to our knowledge, a throughout assessment of short-term effects of vermicompost addition on soil hydrophobicity, water retention,
and related soil physical quality indicators, involving five differently textured soils and a range of amendment from 3 up to 200 t ha™*
has never been conducted before. Applying the same experimental approach, further steps could be made, for example, to quantify the
possible amendment effects after a longer period, typically after about a year, to check the residual effects on water retention and
hydrophobicity and the improvements due to structural restoration of the soil.
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