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Abstract: The Sustainable Development Goals of the United Nations call for applying soil management
practices that contribute land degradation neutrality. Our objectives were to investigate the effect of
(i) soil management—conventional tillage (CT under crop) and no-tillage (NT under grass)—and
(ii) an amendment (polyacrylamide (PAM)) application on the structure stability indices of soils
from a semi-arid region. Two sets of experiments were conducted using the high-energy moisture
characteristic (HEMC) method for the assessment of (i) land-use type (CT vs. NT) in soils (30 samples)
varying in texture, and (ii) the effect of six PAM concentrations (0, 10, 25, 50, 100, and 200 mg
L−1) on three typical soils (sandy clay loam, clay loam, and clay) under CT management; then,
the contributions of PAM concentration (CT) and NT were compared. Water retention curves of
samples were obtained at a matric potential from 0 to −5.0 J kg−1 and characterized by a modified
van Genuchten model that yields (i) model parameters α and n, and (ii) a soil structure stability
index (SI). The treatments affected the shape of the water retention curves. Change of land use
from CT to NT and PAM application to CT soil increased the SI and A, and decreased n compared
to CT-managed soils. The magnitude of the NT and PAM effect was inversely related to soil clay
content. CT-managed soils treated with a low PAM rate (10–25 mg L−1) gave SI comparable to that
obtained for the NT-managed soils, while CT-managed soils treated with a high PAM rate (50–200 mg
L−1) yielded 1.3–2.0 and 2–4 times higher SI than that for NT and CT-managed soils, respectively.
Our findings suggest that both the change of land use to NT or the addition of small amounts of
PAM are viable alternatives for stabilizing CT-managed weakly alkaline semi-arid soils, whose soil
structure stability is a priori limited.
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1. Introduction

Soil structure is an important soil property that is central to soil health; it plays vital roles in
controlling land productivity, and carbon, nitrogen, and water cycles. Soil structure and its stability are
associated with on-site and off-site of the soil ecosystem services and thus may assist in moderating
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the effects of climate change and imposed environmental challenges on the soil [1]. In semi-arid
and arid regions, which are abundant in Turkey, long-term intense cultivation led to degradation
of soil structure, and hence to (i) a great reduction in soil organic matter (OM) and water-holding
capacity, nutrient availability and fertility, and water-use efficiency, (ii) lessening of soil aeration and
macro-aggregates fraction, and (iii) modification of aggregate- and pore size distribution (PSD) and soil
hydraulic properties, a decrease in infiltration and an increase in runoff, erosion, and compaction [2–7].

In Turkey, similar to many other countries, land-use change (e.g., from forest or grassland to
cropland) and long-term use of conventional tillage (CT) almost without conservation practices greatly
reduced soil (physical) quality and altered the sustainability of soil function [8–10]. Recently introduced
conservation tillage practices in Turkey (e.g., no-tillage (NT) techniques or direct seeding), remained at
the research and field experiments level and were not yet implemented by the farmers. Moreover,
results of investigations were inconsistent and characterized as positive (e.g., saving time and
energy consumption), conflicting (e.g., comparable yield and soil physical properties) and temporary
(e.g., duration or condition, soil textural class) [8,11–18]. Additionally, in the semi-arid and arid regions
of Turkey, crop production residues are often limited and/or used for bioenergy. Hence, the residues
left in the field provide inadequate soil cover (<30–40%) for capturing raindrop impact and protecting
the soil surface from sealing, and they are devoid of OM accumulation, irrespective of the conservation
practices employed [8,19].

Forest, woodland, and grassland (grazing land) soils usually have higher OM content, higher porosity,
enhanced soil hydraulic properties, improved aggregate stability, and greater resistance to erosion than
CT cropland soils [20–22]. Long-term land use of grassland (NT grass) that leads to the accumulation
and protection of OM in macro- and microaggregates could be a good model to evaluate the effects of
short and long-term CT crop or NT crop or alternative conservation practices (e.g., amendments) on
soil water retention and structure stability [22–24]. The efficacy of traditional conservation methods are
highly dependent on climate and soil type as well as soil textural class, and may take up to 20–40 years to
reach substantial soil OM level and improved soil physical quality, whereas remarkable and comparable
positive trends could be noted after 5–10 years under grassland [5,7,10,15,20,25–29].

As a management strategy, amending soils with an anionic polyacrylamide (PAM) coupled
with other traditional practices in cultivated lands can significantly improve the quality of soils
in a fast manner by positively influencing (i) soil PSD and structure, and aggregate stability,
thus protecting soil organic carbon (SOC) in macro-aggregates, (ii) microbial activity, soil OM,
or residue decomposition—mineralization (regulating C:N ratio), and (ii) mitigation of erosion and
water contamination [30–35]. The addition of PAM improves soil physical properties, and thus
indirectly, PAM leads to the increase in aeration and plant root penetration, plant uptake of water
and nutrients, growth of root, shoot, and plant biomass, and finally plant yield and quality [36–39].
Therefore, PAM application can, at least in part, replace high-cost intensive cultivation practices and
assist in the adaptation of agroecosystems to future climate variations [24,30,35,39,40].

Treating soils with PAM is recognized as an effective tool for improving soil properties under
both CT and NT systems [24,38,41]. However, the impact of PAM on soil macropores (>60–75 µm)
and aggregate and structure stabilization, which could be up to 2–4 times that of non-treated soils,
depends on soil texture and PAM rate. Moreover, the effects of PAM application increase with the
increase in macro-aggregate size (>0.25–0.5 mm), particularly in soils from arid and semi-arid regions
having smectite as the predominant clay mineral [31,42–44].

PAM-amended acidic Luvisols varying in texture (pH = 5.0–6.2, kaolinite–illite-smectite mixed
mineralogy), from Ethiopia, that have been under CT cropland, yielded similar to or more stable
aggregates compared with aggregates from a NT soil under grass management [24]. Yet, it was
concluded that soil additives application for enhancing soil structure stability and physical quality,
and thus, as a substitute to conservation practices such as NT, still needs further evaluation under
both laboratory and field conditions. It was further postulated that consideration should be paid to
tillage and cropping systems, specific climatic conditions, and soil type or clay mineralogy [24,43].
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The structure of soils high in montmorillonite is considered unstable, whereas the structure of soils
with high contents of kaolinite and sesquioxides is relatively stable, and soils high in 2:1 clay minerals
but with low amounts of montmorillonite exhibit an intermediate structure stability. In semi-arid and
arid regions, montmorillonite (smectite) is the predominant clay mineral [43,45,46]. Hence, because of
the weaker structure stability of smectite soils compared with kaolinitic ones, it is of interest to
examine whether use of additives such as PAM may at least partially replace NT management as a
conservation practice.

Based on the aforementioned, it is hypothesized that in weakly alkaline soils (pH = 7.6–8.2) from
semi-arid regions, (i) NT management under grass will significantly improve soil structure stability
indices compared with CT management under crop, (ii) the use of PAM as a soil amendment in
CT-managed soils may improve soil structure stability indices beyond that obtained in NT-managed
soils, and (iii) the effect of management (NT, CT, and CT + PAM) is soil texture dependent. Consequently,
the objectives of the study were to investigate soil structure stability indices dependence on (i) land
use in soils varying in texture from a semi-arid region and (ii) PAM addition at various concentrations
to soils under long-term CT in comparison with prolonged soils under NT without PAM addition.

2. Materials and Methods

2.1. Soil Samples for Laboratory Tests

Weakly alkaline soils (Luvic/Petric Calcisols) from the Konya region, Turkey characterized
by a semi-arid climate and representing three main soil texture groups, as defined by the USDA
classification method (i.e., sandy clay loam, clay loam, and clay), were studied. For each soil texture
class, samples (in triplicates) were collected from nine long-term conventionally tilled (>15–20 years)
farm fields used for annual crops (CT) and from available one neighboring no-till grass (NT) field
(>20 years) used for grazing; altogether, ninety soil samples (30 samples × 3 replicates; 3 replicates
related to 3 plots within each farm field) were taken from the top soil layer (0–20 cm). The soils were
characterized for particle size distribution using the hydrometer method, cation exchange capacity by
sodium acetate, exchangeable sodium by ammonium acetate, calcium carbonate content using the
volumetric calcimeter method, and organic matter content by wet combustion [47,48]. Selected physical
and chemical properties of the soils are presented in Table 1.

Table 1. Selected properties of the used soils (mean ± standard deviation): averaged soil properties of
30 samples separated by textural class (sandy loam, sandy clay loam, clay loam, and clay) and used to
study the contribution of management and properties of three samples (sandy clay loam, clay loam,
and clay) used for polyacrylamide (PAM) treatments.

Land Use Samples Properties Sandy Clay
Loam Clay Loam Clay

CT crop 27 Clay, % 23.7 ± 5.6 35.5 ± 2.5 52.7 ± 4.0
Silt, % 20.3 ± 4.1 21.4 ± 2.8 21.9 ± 3.0

Sand, % 56.8 ± 6.6 43.1 ± 3.6 25.4 ± 5.1
CEC, me/100 g 25.7 ± 7.8 29.9 ± 2.3 36.9 ± 3.7

OM, % 1.35 ± 0.45 1.71 ± 0.49 1.76 ± 0.65
CaCO3, % 20.6 ± 9.3 26.0 ± 8.4 18.3 ± 5.9

pH 7.85 ± 0.14 7.91 ± 0.10 7.86 ± 0.13
EC, dS/m 0.36 ± 0.2 0.18 ± 0.1 0.35 ± 0.2

ESP 1.6 ± 1.1 0.8 ± 0.5 1.1 ± 0.8

CT crop 3 Clay, % 23.0 ± 2.5 35.5 ± 3.9 53.0 ± 5.8
+ PAM Silt, % 22.5 ± 2.5 17.5 ± 1.9 17.5 ± 2.0

Sand, % 54.5 ± 5.8 47.0 ± 5.2 29.5 ± 3.2
CEC, me/100 g 19.2 ± 2.1 30.0 ± 3.3 37.2 ± 4.1

OM, % 1.26 ±. 014 1.16 ± 0.12 1.19 ± 0.13
CaCO3, % 26.8 ± 2.9 26.0 ± 2.9 16.8 ± 1.8

pH 8.02 ± 0.08 8.00 ± 0.08 7.90 ± 0.09
EC, dS/m 0.19 ± 0.02 0.17 ± 0.02 0.15 ± 0.02

ESP 0.8 ± 0.1 0.5 ± 0.1 1.2 ± 0.1
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Table 1. Cont.

Land Use Samples Properties Sandy Clay
Loam Clay Loam Clay

NT grass 3 Clay, % 22.7 ± 2.5 38.0 ± 4.2 50.5 ± 5.6
Silt, % 25.1 ± 2.8 20.0 ± 2.2 17.5 ± 1.9

Sand, % 52.2 ± 5.7 42.0 ± 4.6 32.0 ± 3.5
CEC, me/100 g 20.9 ± 2.3 33.9 ± 3.7 38.5 ± 4.2

OM, % 3.10 ± 0.35 2.85 ± 0.32 3.21 ± 0.34
CaCO3, % 18.4 ± 2.0 22.0 ± 2.3 20.5 ± 2.4

pH 8.10 ± 0.08 7.80 ± 0.08 7.70 ± 0.08
EC, dS/m 0.34 ± 0.04 0.19 ± 0.03 0.35 ± 0.04

ESP 1.4 ± 0.2 0.5 ± 0.1 0.6 ± 0.1

NT: no-tillage (under grass), CT: conventional tillage (under crop), CEC: cation exchange capacity, OM: organic
matter; EC: electrical conductivity (1:2), ESP: exchangeable sodium percentage.

Two sets of experiments were conducted to evaluate soil structural stability indices derived
from near saturation soil water retention curves obtained using the high-energy (0–5 Jkg−1) moisture
characteristic (HEMC) method [49,50]. In the first experiment, the contribution of land use and soil
texture was assessed using all soil samples. In the second experiment, the structure stability indices of
three of the CT soils (one from each textural class) treated with six anionic PAM concentrations (0, 10,
25, 50, 100, and 200 mg L−1) were compared with the stability indices obtained in the NT soils of the
same type.

2.2. Preparation of PAM-Treated Soil Aggregates

Treating aggregates with PAM solution was conducted in accordance with the procedure employed
by Mamedov et al. (2010) [43]. An anionic PAM of high molecular weight (≈18 × 106 Da) and 30%
hydrolysis with a trade name of Superfloc A-110 (Kemira, GA, USA) was used. A polymer solution
of 0 (control, untreated), 10, 25, 50, 100, and 200 mg L−1 was prepared with tap water (electrical
conductivity, EC = 0.4 dS m−1, sodium adsorption ratio of = 1.2 (mmolc/L)0.5, and pH = 6.5) under
constant stirring and the slow addition of PAM granules over 4 h. Plastic boxes (30 × 60 cm) were
filled with a very coarse sand to form a 5-mm thick layer that was then covered with a high porosity
(>100 µm pore size) filter paper allowing PAM molecules to diffuse to the aggregates from the coarse
sand layer. Aggregates (0.5–1.0 mm) from each studied soil were gently spread on the filter paper to
form a monolayer of aggregates and then saturated from below with tap water or PAM solution (0, 10,
25, 50, 100, and 200 mg L−1) during 1 h (at a rate of 4 mm h−1) using a peristaltic pump; then, the boxes
were covered and kept in their respective solution for 24 h to reach equilibrium. Thereafter, the boxes
were drained and the aggregates were placed in an oven to dry at 60 ◦C for 24 h; then, aggregates were
sieved to eliminate broken aggregates. The polymer concentration in the solution before and after
saturating the aggregates, determined by total C analyzer, showed that concentration decreased by
<3%, indicting no deficiency in polymer for adsorption by the aggregates.

2.3. Determination of Structural Stability Indices

Soil structure stability indices and pore size distribution (PSD) of 48 samples (non-treated 27
CT and 3 NT samples, and 3 CT samples treated with six PAM concentrations = 18 samples) were
determined using the HEMC method and equipment [49,51]. In this method, energy of hydration,
differential swelling, and compression of entrapped air are the main forces responsible for breaking
down aggregates [50].

Briefly, 15 g of macro-aggregates (0.5–1.0 mm) were placed in a 60 mm I.D. funnel with a fritted
disc to form a bed ≈5 mm thick with a bulk density of ≈1.05 g cm−3. The fritted disk had a nominal
maximum pore diameter of 20–40 µm. Saturation of the fritted disc is ensured prior to placing
aggregates in the funnel. The aggregates were wetted from the bottom with deionized water (DW)
at a fast wetting (100 mm h−1) with a peristaltic pump. Then, a soil water retention curve at matric
potential from 0 to −5.0 J kg−1 (0 to −50 cm H2O), corresponding to drainable pores of 60 to 2000 µm,
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with small steps of 0.1–0.2 J kg−1 (1–2 cm, in total 30 points were measured), was performed (Figure 1a).
Then, aggregate and structural stability indices were inferred from the obtained water retention curves
by characterizing the curves with a modified version of the van Genuchten (1980) model [49,51,52]:

θ = θr + (θs − θr) [ 1 + (α ψ)n] (1/n−1) + Aψ2 + Bψ+ C. (1)
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Figure 1. Water retention (a) and specific water capacity (b) curves of the sandy clay loam soil aggregates
from conventionally tilled (CT crop), and no-till (NT grass). The dashed baseline in the specific water
capacity curve represents soil shrinkage line.

In Equation (1), θ is the water content (kg kg−1); θr and θs are the pseudo residual and saturated
water content, respectively; ψ is the applied matric potential (J kg−1); α (cm−1) and n (dimensionless)
represent the location and steepness (measure of PSD) of the S-shaped water retention curve (Figure 1a),
with the reciprocal of α being often equated with the air entry suction [51]. A, B, and C are coefficients
of the polynomial added for better fitting the water retention curves. The modified Equation (1) was
used to provide an accurate estimation of volume of drainable pores (VDP, kg kg−1), yet having only
little effect on the values of parameters n and α [50]. The specific water capacity curve (dθ/dψ) was
computed by differentiating Equation (1) with respect to ψ:

dθ/dψ = (θs − θr)
[
1 + (α ψ)n

](1/n−1)
(1/n− 1)(α ψ)nn/[ψ(1 + (α ψ)n)] + 2Aψ+ B. (2)

The specific water capacity curve allows the determination of the modal suction (MS), which is the
matric potential at the peak of the specific water capacity curve and corresponds to the most frequent
pore size. Soil VDP, the area under the specific water capacity curve and above the soil shrinkage line
(Figure 1b), was calculated by subtracting the terms for pore shrinkage (2Aψ + B) from Equation (2)
and analytically integrating the reminder of the equation. Then, the soil structural index (SI, cm−1)
was obtained to characterize the stability of the aggregates [50,51]:

SI = VDP/MS. (3)

2.4. Statistical Analysis

An ANOVA test was conducted using the SAS Proc GLM procedure [53] to assess the effects of the
treatments (tillage, soil texture, PAM) on the water retention curve parameters (α, n), and the structural
stability index (SI). Treatment mean comparisons (e.g., one CT and closely neighboring one NT farms
for each of the studied soil textural classes) were done using the Tukey–Kramer HSD test at p < 0.05.
Least squares fitting was used to identify the best relation between the soil SI and soil characteristics
and PAM concentration, and water retention model parameters (α, n) of the treatments.
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3. Results

3.1. Soil Texture and Land-Use Impacts on Water Retention Curves and Stability Indices

The water retention curves of long-term cultivated samples separated by soil texture (sandy
clay loam, clay loam, and clay soils) and land use (CT crop and NT grass) are presented in Figure 2.
A qualitative evaluation of the water retention curves indicates the existence of differences among the
curves, which suggests differences in the PSD or distribution of the studied macropores (>60 µm) areas
within each soil texture group and between the course and fine textured soils (Figure 2). Pore diameter
was calculated from the matric potential as follows: d = −3000/ψ, where d is the equivalent pore
diameter, µm. These observed qualitative differences in the water retention curves can be related to
variations in both soil properties and land use (Table 1). The water retention curves for the NT soils
were mostly located on the right side of the CT soils forψ < 1.2 J kg−1 (pore size > 250 µm), whereas the
opposite trend was observed for the ψ > 1.2 J kg−1 (pore size 60–250 µm) (Figure 2).
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Figure 2. Water retention curves of soil samples taken from CT (crop) and NT (grass) of (a) a sandy
clay loam, (b) a clay loam and (c) a clay soil.

A quantitative examination of the water retention curves is obtained from the analysis of the
model parameters of the curves (α and n), and soil structural index (SI), all of which were significantly
affected by soil texture, land use, and the interaction between them (Table S1). Soil stability indices
SI, α, and n widely varied between 0.006 and 0.021 cm−1, 0.061 and 0.079 cm−1, and 9.2 and 13.5,
respectively (Table 2). Within each of soil textural class, the contribution of land use to the stability
indices was significant, and NT > CT for SI or α, and NT < CT for n (Table 2). The SI of NT soils were
1.4–2.0 times higher than those of CT soils, resulting from the higher VDP and/or lower MS values in
the former (Figures 1 and 2). Changes in SI were more evident in the clay and clay loam soils than in
the sandy clay loam. The trends for the water retention parameters of α and n were similar to those
noted for SI but somewhat less expressive (Table 2). In addition, moisture content at full saturation was
significantly higher in NT (grass) soils than CT (crop) soils (∆θs = 0.04 − 0.07 kg kg−1), whereas for
residual moisture content, an opposite trend, yet of a smaller and non-significant magnitude, was noted
(∆θr = 0.02 − 0.03 kg kg−1) (Figure 2, Table 2).
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Table 2. Structural stability indices and water retention model parameters of soils.

Soils Tillage SI n A θs θr
(cm−1) (cm−1) (kg kg−1) (kg kg−1)

Sandy clay
loam

NT (grass) 0.012 a 11.69 b 0.063 a 0.709 a 0.268 a
CT (crop) 0.006 b 13.50 a 0.060 b 0.655 b 0.297 a

Clay Loam NT (grass) 0.014 a 9.56 b 0.064 a 0.768 a 0.320 a
CT (crop) 0.009 b 13.45 a 0.061 b 0.729 b 0.342 a

Clay Loam NT (grass) 0.021 a 9.22 b 0.079 a 0.894 a 0.324 a
CT (crop) 0.015 b 9.96 a 0.072 b 0.820 b 0.343 a

NT: no-tillage, CT: conventional tillage, SI: structural index, A and n, are the location of the inflection point and the
steepness of the water retention curve. θr and θs, are the residual and saturated water content. Within each soil
textural class, the columns labeled with the same letter (a, b) are not significant at p < 0.05 level.

Soil SI and α increased and n decreased with the increase in soil clay content (Figure 3, Table 2).
Moderate power relations (R2 = 0.50− 0.56, p < 0.001) between the water retention parameters (α, n) and
clay content, and a strong linear relation between SI and clay content (R2 = 0.61, p < 0.001), were noted
(Figure 3). Furthermore, a weak relation, albeit significant (R2 = 0.41, p < 0.001), was noted between SI
and soil OM (data not presented).
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3.2. Water Retention Curves and Stability Indices of PAM-Treated Soils

The water retention curves of PAM-treated sandy clay loam and clay soils with low OM (<1.3%)
are given in Figure 4. The curves for clay loam are not presented, as they are located between those of
the sandy clay loam and the clay. The effect of soil texture, PAM concentration, and their interaction
on all stability indices were significant (Table S2). The shape of soil water retention curves was texture
dependent and largely affected by PAM concentrations. Similar to NT, the water retention curves for
the PAM-treated soils were analogous to CT or located on the right side of the control CT soils for
ψ < 1.2 J kg−1 (pore size > 250 µm). Forψ > 1.2 J kg−1 (pore size 60–250 µm), the water retention curves for
the PAM-treated soils were mostly located on the left side of the control CT curves. This phenomenon was
more noticeable at the higher rates of PAM, especially for the sandy clay loam (Figure 4). Relative to the
control, increasing PAM concentration increased water content (∆θs = 0.03 − 0.06 kg kg−1) at ψ = 0 J kg−1

and decreased water content (∆θr = 0.03 − 0.05 kg kg−1) at ψ = 5 J kg−1 (Figure 4).
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Figure 4. Water retention curves of (a) sandy clay loam and (b) clay soils form long-term conventionally
tilled field (CT crop) treated with six concentrations (control = 0, 10, 25, 50, 100, and 200 mg L−1) of the
polyacrylamide (PAM).

In all three soil samples, the SI and α increased, and n decreased with the increase in PAM
concentrations (Figure 5). The relationships between SI as well as model parameters (α, n) and PAM
concentration were soil dependent, but they could also be characterized by exponential-associated
growth for SI and α and exponential-associated decline for n with a high coefficient of determination
(R2 = 0.89–0.99, p < 0.001) (Figure 5). The impact of PAM on the water retention curves increased α
by 1.1–1.4 times and decreased n by 1.2–1.9 times, relative to the control. Relative stabilization of the
parameters was noted after PAM 50–100 mg L−1 concentrations (Figure 5).
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Figure 5. Relations (p < 0.001) between (a) soil structural index (SI), (b) water retention model parameter
α, and (c) water retention model parameter n and applied polyacrylamide (PAM) concentrations.

The SI of the long-term NT soils was 1.4–2.0 times higher than the SI of the non-treated CT soils.
However, for the same soil texture, CT soils treated with low PAM concentrations (10–25 mg L−1)
exhibited comparable SI levels to those observed for the NT soils (Figure 6). Conversely, the CT soils
treated with high PAM concentrations (50–200 mg L−1) showed 1.3–2.0 and 2.0–4.0 times greater SI
than those of the NT and CT control soils, respectively. These effects of PAM addition were of a greater
magnitude in the soils with the lower clay content (Figure 6).
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A qualitative analysis of dissimilarities between water retention curves derived from 

the different treatments can provide information as to the apparent aggregate size fraction 
that had been affected by these treatments [50,54]. The applied suction was in the range 
of 0–5 J kg−1, thus affecting pores that are associated with soil structure porosity (i.e., inter-
particle pores; >60 µm). These pores can be divided broadly into three sub-classes within 
the very fine macropores equivalent diameter class (75 to 1000 µm) with matric potential 
ranges of 0–1.2, 1.2–2.4, and 2.4–5.0 J kg−1, corresponding to macro-, meso-, and micro-

Figure 6. Structure stability (SI) of sandy clay loam, clay loam, and clay soils as affected by tillage and
polyacrylamide (PAM) application: no-till under grass (NT grass) and conventional tillage under crop
(CT crop) treated with six PAM concentrations (PAM 0 = untreated CT crop soil). The columns labeled
with same letter are not significantly different at p < 0.05.

3.3. Relations between Soil Structural Index and Model Parameters

Relations between soil structural index (SI) and model parameters (α, n) for the combination of
long-term 30 cultivated soils (27 CT and 3 NT), and 18 PAM-treated soils (3 soils× 6 PAM concentrations)
are presented in Figure 7. It should be noted that for a given soil texture, SI of the NT soil was higher
than those of the CT ones (Figures 3, 6 and 7). In both cases, combined treatments gave an exponential
relationship with a high coefficient of determination for α (R2 = 0.86, p < 0.001) and n (R2 = 0.90,
p < 0.001). Coefficients of determination were also higher for separated land use and PAM treatments
(R2 = 0.74–0.91, data not shown).
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Figure 7. Relations (p < 0.001) between soil structural index (SI) and water retention model parameter
for (a) α and (b) n for 48 soil samples: 27 long-term cultivated (CT) soils and 3 no-till (NT) soils (10 sandy
clay loam, 10 clay loam, and 10 clay soils) and 18 polyacrylamide (PAM)-treated soils: 3 soils (sandy
clay loam, clay loam, and clay soils) treated with six polyacrylamide (PAM) concentrations (0 = control,
10, 25, 50, 100, and 200 mg L−1).

4. Discussion

A qualitative analysis of dissimilarities between water retention curves derived from the different
treatments can provide information as to the apparent aggregate size fraction that had been affected
by these treatments [50,54]. The applied suction was in the range of 0–5 J kg−1, thus affecting pores
that are associated with soil structure porosity (i.e., inter-particle pores; >60 µm). These pores can be
divided broadly into three sub-classes within the very fine macropores equivalent diameter class (75 to
1000 µm) with matric potential ranges of 0–1.2, 1.2–2.4, and 2.4–5.0 J kg−1, corresponding to macro-,
meso-, and micro-pores, respectively [43]. The above division of the drainable pores studied by the
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HEMC method must be accompanied by soil aggregates of sizes and packing that form these pore-size
classes. It has been shown for spherical particles that their packing will typically create a pore size
with a diameter 15–40% of the particle diameter [55]. Hence, three apparent size classes of aggregates
(e.g., apparent macro-, meso-, and micro-aggregates), which correspond to the aforementioned macro-,
meso-, and micro-pores, respectively, can be defined. The term apparent aggregate size class is
introduced because, unlike the pore classes whose sizes are well defined, the actual size of the aggregate
classes is not well known [1,50,54].

In our study, notable differences of a qualitative nature in the water retention curves among the
treatments studied (soil texture, land use, and PAM concentration) have been observed (Figures 2
and 4). The fact that the water retention curves of the NT and the PAM-treated soils lay to the right of
the CT (control, with no PAM) curves at the low suction range (0–1.2 J kg−1) is a clear indication that
the former two treatments exhibit greater macro-pores and hence greater apparent macro-aggregates
compared with the CT treatment. Conversely, at the high suction range (2.4–5.0 J kg−1), the water
retention curves of the NT and the PAM-treated soils lay mostly to the left of the CT-crop (control)
curves. This observation implies that the latter treatment had larger micro-pores than the two former
ones. As a result, the NT and the PAM-treated soils maintained a larger portion of drainable pores,
including meso-pores and thus apparent meso-aggregates compared with the CT (control) treatment.
The magnitude of the aforementioned phenomena increased with the decrease in soil clay content.
Finally, these observations propose that for our weakly alkaline semi-arid soils, the use of long-term
NT or treating CT soils with PAM stabilize and maintain a greater fraction of apparent macro- and
meso-aggregates than the CT control soils [24]. In the case of the NT, this size range of apparent
aggregates could be formed by roots and microbiota activity; such aggregates and the associated pores
also can provide physical protection of SOC [22,23].

4.1. Soil Texture and Land Use

The aforementioned treatment-related dissimilarities in the water retention curves and hence the
differences in near saturation PSD are magnified in the subsequent calculated stability indices (SI) and
model parameters α and n in the weakly alkaline semi-arid soils. The stability indices (SI) and model
parameter A increased and model parameter n decreased with increase in clay content in the 27 CT
(crop) soils and to a certain extent in the three NT (grass) ones (Figure 3). Both attributes are linked
by their representation of binding processes in the soil [49]. The association between SI and soil clay
content exhibited linear-type relations (Figure 3). Levy and Miller (1997) [56] also reported of linear
relations between aggregate stability and clay content for humid soils from the southeastern USA. Yet,
other studies reported logarithmic-type relations between the two attributes [49]. It is postulated that
the linear relationship between aggregate stability and clay content is related to the relatively narrow
range of clay content (20–50% clay) in the soils used in the current and previous studies [56].

Contrary to the CT soils with low OM (≈1%) and weak structure, the effect of fast wetting on
aggregate slaking in the NT soils having higher OM content (≈3%), particularly in the clay soil, was less
marked. The higher SI values, and thus aggregate stability, in the NT soils compared with the CT soil
(Table 2) are ascribed to both the higher OM content in the NT soils (Table 1) and the development of
inter- and intra-aggregate cohesion forces with time following the absence of tillage, which is known
to stabilize aggregates [57]. Land use that does not involve tillage (e.g., grass, forest) is more beneficial
to soil structure than long-term crop rotation alone in tilled soils, which does not have much additional
effect on soil structure [4].

4.2. Application of PAM

Although PAM is known to be a soil-stabilizing agent, some uncertainty exists regarding the
issue of whether PAM penetrates into aggregates or adsorbs only on the aggregates’ exterior surfaces
and thus stabilizes merely those surfaces [58]. Some studies observed that PAM adsorption on soils
is mostly on exterior surfaces of soil material [59]. Conversely, other studies showed that PAM does
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penetrate into pores within aggregates [60]. Levy and Miller (1999) [61] emphasized the aspect of scale:
when high-molecular-weight PAM is used, the narrow pores in small-size aggregates (<1 mm) may
not allow penetration of the large PAM molecules into the aggregates, while the opposite is true for
large aggregates having greater macroporosity.

Our soils had favorable properties for stabilization by PAM application such as predominant
smectite and illite (smectite-illite) clay mineralogy and soil type, low salinity (EC < 2 dS m−1),
slight alkalinity, appreciable CaCO3 content, and no sodicity (ESP < 2) (Table 2) [15,43,62]. In general,
the promising impact of the PAM treatments on stabilizing the aggregates in the studied sandy clay
loam, clay loam, and clay soils was consistent with numerous former studies and stems mostly from
stabilizing the exterior surfaces of our aggregates as we studied 0.5–1.0 mm aggregates [43,44].

The positive influence of PAM on SI and model parameters were soil texture dependent, being more
effective in sandy clay loam with initially much weaker soil structure than in clay soil (Figures 5–7),
which was, generally, in agreement with other studies [31,44,46]. This finding also was similar to that
reported by Mamedov et al. (2010) [43] for soils having different clay mineralogy. Conversely to this
finding for PAM, in semi-arid and arid regions, changing land use from CT to NT has been noted to be
soil type-dependent and more effective in stabilizing clay soils than loam soils, where a prolonged
period is needed to rebuild soil structure due to lower SOC input and its protection [7,8,10,12,22,28].

The contributions of PAM to the shape of water retention curves and aggregate stability were
somewhat similar (Figures 2 and 4) to the contributions of NT. This trend was more visible at high
rates of PAM, which was probably due to the fact that in contrast to NT, the application of PAM
does not lead to the buildup of new soil aggregates with time but to preserving and strengthening
existing aggregates [31,39,41,50]. The increase in the effectiveness of PAM as a soil amendment with the
increase in its concentration coupled with the dependence of its effectiveness on soil texture highlight
the importance of tailoring the amount of PAM used to the specific conditions (e.g., management,
amendments application, biofertilizers) in the field [24,40].

It is well understood that there is a need to apply management practices to reduce soil structure
deterioration and extreme soil erosion. The use of strategies such as mulch [63,64], no tillage [65,66],
chipped pruned branches [67,68], and cover crops [69] is common. All those strategies are considered
nature-based solutions [63] that are efficient only after some years and also need high investments to
become effective. The use of PAM can serve as a suitable alternative strategy to improve soil aggregate
and structure stability (e.g., SI) and reduce runoff and soil losses in agriculture [30,70,71] and forest
soils that used to be under highly degraded conditions [65,72,73]. That is not only because PAM is
an efficient soil amendment [24] but also because it becomes effective immediately after application.
This feature is imperative to achieve the Sustainable Development Goals of the United Nations Land
Degradation Neutrality challenge [63]. The reduction in cost involved in the use of PAM, compared to
the aforementioned traditional strategies, coupled with its high efficiency within a short time span,
will contribute to its widespread application and proper management following its acceptance by the
farmers, which used to reject other environmentally friendly strategies [65,67].

4.3. Relations between Soil Structure Stability Indices

The contribution of agricultural management and amendments on soil water retention could
also be quantitatively characterized by the α and n parameters, because changes in α, n, and the
SI are considered to be closely related to soil physical quality, PSD, and therefore to aggregate size
distribution [44,50,54,74,75]. The relations between SI and water retention model parameters are
important for understanding the mechanism and direction of the tested treatments in stabilization soil
structure. An exponential relation between SI and α or n (Figure 7) implies that increases in the size of
the most frequent pores and associated larger aggregates [50,55] improve soil SI and, hence, the stability
of the aggregates and their resistance to slaking by wetting. The strong exponential relations (R2 = 0.86
and 0.90) between SI and α or n were unique for combined treatments (27 CT, 3 NT, and 18 PAM
treated soils) and might suggest that α and n could serve as a good proxy for evaluating changes in
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aggregate stability following changes in soil extrinsic conditions such as changes in size of aggregates
following different tillage and cultivation practices and/or the application of soil amendments such as
PAM [43,44,54,75].

5. Conclusions

It emerged from our study that the change of land use from CT-managed soils to NT-managed soils
has substantial positive effects on aggregate stability indices in the studied weakly alkaline semi-arid
soils. Moreover, a viable alternative in the form of the use of small amount of a soil amendment
(e.g., PAM) was noted to effectively stabilize aggregates and improve soil structure in a CT-managed
soil, at times, even at a magnitude greater than that of NT-managed soil. These findings validated our
first and second hypotheses. The magnitude of the improvement in soil stability indices following
the aforementioned change in land use or the use of PAM was inversely related to soil clay content;
these observations confirmed our third hypothesis. Evidently, in fine textured soils (i.e., clay soils),
merely the presence of high clay content is sufficient to enforce on the soil a meaningful level of stability,
thereby making the contribution of the management tools on soil stability of lesser significance, yet,
at times important. Our findings suggest that there is more than one management alternative, such as
PAM application, for stabilizing weakly alkaline semi-arid soils whose soil structure stability is a priori
limited. The choice of type of management tool to be employed should depend on the nature of the
agroecosystem to be treated and the needs of the farmers.
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Table S1: Significance levels for treatment (soil group and selected soil texture and tillage type) effects on
the stability indices (VDP = volume of drainable pores, MS = modal suction, SI = structural index, A and n,
model parameters representing the location of the inflection point and the steepness of the water retention curve
respectively). NS, not significant; *, **, *** Significant at the 0.05, 0.01 and 0.001 level. Significance levels for
treatment (soil group and selected soil texture and tillage type) effects on the stability indices (VDP = volume of
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*** Significant at the 0.05, 0.01 and 0.001 level); Table S2: Significance levels for treatment (soil texture and PAM
rate) effects on the stability indices (VDP = volume of drainable pores, MS = modal suction, SI = structural index,
α and n, model parameters which represent the location of the inflection point and the steepness of the water
retention curve respectively), (*, **, *** Significant at the 0.05, 0.01 and 0.001 level).
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74. Dexter, A.; Czyż, E.A. Applications ofS-theory in the study of soil physical degradation and its consequences.
Land Degrad. Dev. 2007, 18, 369–381. [CrossRef]

75. Porebska, D.; Slawinski, C.; Lamorski, K.; Walczak, R.T. Relationship between van Genuchten’s parameters
of the retention curve equation and physical properties of soil solid phase. Int. Agrophys. 2006, 20, 153–159.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ldr.3305
http://dx.doi.org/10.3390/land9070230
http://dx.doi.org/10.3390/agronomy9060276
http://dx.doi.org/10.3390/su12041597
http://dx.doi.org/10.2478/forj-2020-0015
http://dx.doi.org/10.1073/pnas.2001403117
http://dx.doi.org/10.1002/ldr.779
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Soil Samples for Laboratory Tests 
	Preparation of PAM-Treated Soil Aggregates 
	Determination of Structural Stability Indices 
	Statistical Analysis 

	Results 
	Soil Texture and Land-Use Impacts on Water Retention Curves and Stability Indices 
	Water Retention Curves and Stability Indices of PAM-Treated Soils 
	Relations between Soil Structural Index and Model Parameters 

	Discussion 
	Soil Texture and Land Use 
	Application of PAM 
	Relations between Soil Structure Stability Indices 

	Conclusions 
	References

