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Abstract. This study investigated the impact of monovalent
cations on clay dispersion, aggregate stability, soil pore size dis-
tribution, and saturated hydraulic conductivity on agricultural soil
in Iran. The soil was incubated with treatment solutions contain-
ing different concentrations (0-54.4 mmol 1) of potassium and
sodium cations. The treatment solutions included two levels of
electrical conductivity (EC=3 or 6 dS m™") and six K:Na ratios
per electrical conductivity level. At both electrical conductivity
levels, spontaneously dispersible clay increased with increasing
K concentration, and with increasing K:Na ratio. A negative lin-
ear relationship between percentage of water-stable aggregates
and spontaneously dispersible clay was observed. Clay dispersion
generally reduced the mean pore size, presumably due to clogging
of pores, resulting in increased water retention. At both electrical
conductivity levels, hydraulic conductivity increased with increas-
ing exchangeable potassium percentage at low exchangeable
potassium percentage values, but decreased with further increases
in exchangeable potassium percentage at higher exchangeable
potassium percentage. This is in agreement with earlier studies,
but seems in conflict with our data showing increasing sponta-
neously dispersible clay with increasing exchangeable potassium
percentage. Our findings show that clay dispersion increased with
increasing K concentration and increasing K:Na ratio, demon-
strating that K can have negative impacts on soil structure.

Keywords: aggregate stability, dispersible clay, potassium,
soil pore size, water retention

INTRODUCTION

Soil structure controls many important soil functions
and processes, such as water infiltration, soil aeration,
rootability and workability (Kay, 1990). Clay particles
and their associations with mineral and organic soil com-
ponents are important in maintaining soil structure and
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for sustaining favourable soil conditions in agricultural
soils. Salts with either natural or anthropogenic origin
are known to have negative impacts on soil structure and
hence soil quality. This is because monovalent cations
such as sodium (Na) or potassium (K) can create clay dis-
persion and swelling that result in the degradation of soil
structure (Rengasamy et al., 2016). Swelling occurs when
the monovalent cation concentration is high (for instance,
exchangeable sodium percentage (ESP) higher than 15) in
soil containing expansive clays, while dispersion occurs at
low cation concentrations (ESP lower than 15) (Shainberg
and Letey, 1984; Sumner, 1993). Swelling and dispersion
can reduce soil porosity, thus reducing the water and air
transport capability of soils and potentially increasing soil
erodibility (Shainberg and Letey, 1984; Sumner, 1993).
Most investigations on clay dispersion have concentrat-
ed on the effect of highly exchangeable Na on soil structure
and stability (Rengasamy, 2002). Only a few studies have
shown that K, which is an important plant nutrient, can
also affect soil structure even when the exchangeable Na
concentration is small (Arienzo et al., 2009; Emami et al.,
2014; Rengasamy, 2006; Smiles, 2006). Exchangeable K
may create effects on soil structure similar to Na, but it has
received less attention because amounts of K are typically
low in salt-affected soils (Rengasamy and Marchuk, 2011).
The application or inclusion of monovalent cations
can jeopardize both the geometrical arrangement of soil
constituents and soil pores (structural form) and the structu-
ral stability. Soil aggregate stability is an important soil
characteristic influencing soil functioning and crop pro-
duction. Arshad and Coen (1992) suggested soil aggregate
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stability as a physical property of soil that can be consi-
dered an indicator of soil quality. Soil aggregates affect
water flow in soil, aeration, microbial activity, nutrient
cycling, run-off and erosion and root development (Six et
al., 2004). The stability of macro-aggregates (>250 pm)
is usually measured in ‘aggregate stability tests’, whereas
micro-aggregate (<250 pm) stability is normally measured
in ‘ispersion tests’. However, the characterisation of soil
aggregation requires an assessment of both macro- and
micro-aggregate stability. For example, macro-aggregates
play an important role in soil organic carbon stabilisation,
while soil organic matter protection is linked to micro-
aggregates (Six et al., 2004). Barzegar et al. (1994) and
Levy and Torrento (1995) observed a detrimental effect of
Na on macro-aggregate stability, and that sodicity reduced
the amount of macro-aggregates with an associated increase
in the amount of micro-aggregates. Data on K are scarce,
but Quirk and Schofield (1955) found that K was as destruc-
tive as Na, and Levy and Torrento (1995) reported that K
was deleterious and reduced macro-aggregate stability.

Soil properties such as air capacity, plant available
water and relative field capacity directly depend on the
soil pore size distribution (Dexter, 2004), while structural
stability is indirectly affected (Pieri, 1992). Monovalent cat-
ion-induced clay dispersion and breakdown of aggregates
can result in the blocking (clogging) of pores (Arienzo et
al., 2009), potentially causing a shift towards smaller pores
and creating impermeable layers (Chen ef al., 1983), and
thereby reducing soil fluid transport capability. Similarly,
swelling reduces soil pore sizes, yielding to a decrease in
permeability (Chaudhari and Somawanshi, 2004). Khan
and Afzal (1990) found that the saturated hydraulic conduc-
tivity (K,) is affected by the amount of exchangeable Na,
which was explained by the fact that Na reduces soil pore
sizes through increasing the diffuse double layer thickness
and creating repulsion forces among clay particles. High
concentrations of hydrated Na and K cause clay dispersion,
resulting in reduced infiltration rate, earlier/increased run-
off, and increased sediment concentrations (Auerswald et
al., 1996).

Salt-affected soils occur in more than 100 countries of
the world, including Iran. The extent and nature of salt prob-
lems are diverse (Rengasamy, 2006). Based on estimates of
Cheraghi (2004), 50% of the irrigated area of Iran is affect-

Table 1. Selected physical and chemical soil properties
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ed by different levels of salinity and sodicity. According to
a soil database containing information from 10 Iranian
provinces covering the most important agricultural areas,
the concentration of K in soil is the highest among macro-
nutrients (Jalali, 2015). The salinisation of land resources
in Iran is the consequence of both natural phenomena
(geological composition of parent material, stream sali-
nity, wind-borne salinity, seawater intrusion, low rainfall
and high evaporation) and anthropogenic activities (irriga-
tion with saline/sodic surface or ground water, inadequate
irrigation management practices and drainage facilities,
over-grazing of pastures/vegetation) (Qadir et al., 2008).
The present study investigated the impact of K and Na
(with a focus on K) on soil structure, its stability and asso-
ciated properties, and functions, using a loamy soil from
north-eastern Iran. The soil was incubated using solutions
with different concentrations of K and Na, and at a range of
K:Na ratios. Clay dispersion, aggregate stability, the cha-
racteristics of the soil pore size distribution and saturated
hydraulic conductivity were measured after incubation for
one month.

MATERIAL AND METHODS

Soil samples were collected from the 0-0.3 m depth
of an agricultural field located at the Ferdowsi University
of Mashhad, north-eastern Iran (36°18'N latitude, 59°31'E
longitude and 1030 m altitude). Basic characteristics of
the soil are presented in Table 1. Soil texture was deter-
mined using the pipette method (Gee and Bauder, 1986),
soil organic carbon was measured using the wet oxidation
method (Walkley and Black, 1934), and calcium carbo-
nate was obtained using reverse titration (Sparks et al.,
1992). Finally, electrical conductivity (EC) and pH were
determined using the saturated paste extraction method
(Richards, 1954). The saturated paste extract was first pre-
pared from the soil. Ca and Mg concentrations were then
measured using titration by EDTA, and Na and K con-
centrations were determined using a flame photometer
apparatus (Richards, 1954). The cation exchange capacity
(CEC) (cmol, kg") was determined using the ammonium
acetate method (Chapman, 1965), while the cation ratio
of soil structural stability (CROSS) was determined as
(Rengasamy and Marchuk, 2011):

Clay Silt Sand OM CaCO; EC K Na Ca Mg CEC  Soil Dominant
(dS pH CROSS  cmol, classification
(%) m") (mmol, ") kg' (USDA) clay type
206 473 322 1.1 159 12 78 016 33 52 36 18 105 Haplo- Mica
cambid (muscovite)*

OM - organic matter content, EC — electrical conductivity, CROSS — cation ratio of soil structural stability, CEC — cation exchange

capacity, *Haghnia (1982).
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Na+0.56K

Ca+0.6Mg ~
2

where the concentrations of cations are in mmol, 1"

The soil samples were placed into plastic pots (diameter:
18 cm, height: 22 ¢cm) with the bulk density of 1.3 g cm™
(weight: 7 kg soil) and transferred to the greenhouse, where
they were incubated with salt solutions for one month. The
following treatments were applied: two levels of electrical
conductivity (EC=3 and 6 dSm™) and six combinations of
K and Na concentrations (i.e. six different K: Na ratios) per
EC level, resulting in a total of 12 treatments (Table 2).
The range of K and Na concentrations were between 0-27.2
for EC=3 dS m”, and 0-54.4 mmol, I"' for EC=6 dS m’,
respectively (Table 2). Constant concentrations of Ca
and Mg were considered at each EC level because there
was no interest in assessing the effect of divalent cations
on soil structure. Concentrations of Ca and Mg in the
treatment solutions were larger than the swelling thresh-
old concentration defined by Quirk and Schofield (1955)
(>1 mmol) (Table 2). CROSS was calculated for each treat-
ment solution using Eq. (1), below referred to as ‘CROSS,,”.
The solutions were added to the soils using capillary rise
from the bottom of pots. Three replicates (i.e. three pots)

CROSS =

(M
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per treatment were used. The pots were wrapped in plastic
bags. The soil in the pots was kept at a water content cor-
responding to field capacity, and kept for one month in the
greenhouse at controlled temperature.

Subsequently, the following measurements on the treat-
ed soils were carried out after one month of incubation: the
percentage of spontaneous dispersible clay (SDC) as a mea-
sure of micro-aggregate stability, water-stable aggregates
(WSA4) as a measure of macro-aggregate stability, water
retention characteristics and pore size distribution parame-
ters (location parameters), relative field capacity (RF'C) and
air capacity (AC) derived thereof, and saturated hydraulic
conductivity (K;). The methods are described in detail in
the following sections. The cationic indicators including
CROSS, sodium adsorption ratio (SAR), potassium adsorp-
tion ratio (PAR), exchangeable potassium percentage (EPP)
and exchangeable sodium percentage (ESP) were calculat-
ed from the concentrations of the cations.

The method of Marchuk et al. (2013) was used to meas-
ure SDC as a measure of micro-aggregate stability in water
(Amezketa, 1999). To this end, 20 g of soil (<2 mm) was
placed into 250 ml cylinders, and 200 ml of distilled water
was added slowly down the sides of the cylinders, taking
care to avoid disturbance of the soil. After 12 h, any par-
ticles that had dispersed from the soils were gently stirred
into suspension and left to stand for 2 h. About 10 ml

Table 2. Cation concentrations of the solutions applied to the pots (treatment solutions)

Tre;t:)“e“t £ e ) e Ve K:Na C?ffl';ol:/ll%(;lz EC(ASm")  CROSS,
) (mmol, )

Control 0 0 0 0 0 0 0 0
3-tl 0.0 27.2 1.4 1.4 0 0.7+0.7=1.4 3 25.7
3-t2 13.6 13.6 1.4 1.4 1 0.7+0.7=1.4 3 20.0
3-t3 21.7 5.4 1.4 1.4 4 0.7+0.7=1.4 3 16.6
3-t4 24.7 2.5 1.4 1.4 10 0.7+0.7=1.4 3 15.4
3-t5 26.0 1.2 1.4 1.4 22 0.7+0.7=1.4 3 14.8
3-t6 27.2 0.0 1.4 1.4 © 0.7+0.7=1.4 3 14.4
6-tl 0.0 54.4 2.8 2.8 0 1.4+1.4=2.8 6 36.3
6-t2 27.2 27.2 2.8 2.8 1 1.4+1.4=2.8 6 28.3
6-t3 435 10.8 2.8 2.8 4 1.4+1.4=2.8 6 23.5
6-t4 49.4 4.9 2.8 2.8 10 1.4+1.4=2.8 6 21.8
6-t5 52.0 23 2.8 2.8 22 1.4+1.4=2.8 6 21.0
6-t6 54.4 0.0 2.8 2.8 0 1.4+1.4=2.8 6 20.3

EC — electrical conductivity, CROSS,, — cation ratio of soil structural stability of treatment solutions.
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suspension was taken with a pipette from 10 cm depth
(15 cm cylinder height), dried in the oven at 105°C for 24
h, and the amount of dispersible clay in relation to the total
amount of clay was determined.

The water soluble cation concentrations (mmol, 1)
were measured on sieved (<2 mm) treated samples and
obtained using a soil:water ratio of 1:2. Ca and Mg con-
centrations were measured using titration by EDTA, and
Na and K concentrations were determined using a flame
photometer apparatus. The amounts of exchangeable cati-
ons (cmol, kg"') of the samples were determined using the
ammonium acetate (1N) method (Richards, 1954). CROSS
was calculated from Eq. (1). The sodium adsorption ratio
(SAR) was calculated as (Richards, 1954):

Na*

Ca2+ n Mg2+
2

The potassium adsorption ratio (PAR) was calculated as
(Chen et al., 1983):

SAR =

@

K"
Ca2+ +Mg2+
2

PAR =

3

where: the cation concentrations are expressed in mmol,
1" in Eqs (2) and (3). The EPP and ESP were calculated as
(Richards, 1954):

Kex

EPP= CEC 100, (4)
Na

ESP= CEeé 100, (5)

where Na,, and K, are concentrations of exchangeable
cations (cmol.kg™) and CEC is the cation exchange capa-
city, which was determined using the ammonium acetate
method (Chapman, 1965).

The percentage of water-stable aggregates (as a meas-
ure of macro-aggregate stability) was determined using
aggregates of 1-2 mm in size obtained by means of the
wet sieving method. Aggregates of 1-2 mm in size were
obtained from the soil samples using a nest of sieves with
a 2 mm sieve on top and a 1 mm sieve at the bottom. After
this, 12 g aggregates were placed on a single sieve (0.25
mm, mesh number 60 according to ASTM), and the sieve
was raised and lowered at 35 cycles per minute for 3 min
over a vertical distance of 1.3 cm (Kemper and Rosenau,
1986). The percentage of water-stable aggregates was then
determined as (Kemper and Rosenau, 1986):

WSA:ﬂ 100,
w-S

(6)

where: 4 is the mass of stable aggregates (g), S is the sand
mass (g) on the sieve and ¥ is the sum of aggregate and
sand mass (g). Sand mass was measured by dispersing
with 2 g sodium hexamethaphosphate/l, and sieving until
only sand particles were left on the sieve (Kemper and
Rosenau, 1986).

Soil water retention was measured on soil cores (dia-
meter: 3.5 cm; height: 4 cm), subsampled from the pots
(one subsample per pot, resulting in 3 replications per
treatment) at pressure heads of 0, 50, 100, 300, 500,
1000 and 5000 hPa, using pressure plate apparatus. The
van Genuchten (1980) function with the Mualem (1976)
restriction was fitted to the measured data using the RETC
software (van Genuchten et al., 1991):

0=06,+(0,-06, )[1 + (o) ]*’", (7)
where: 6, and 6, are the saturated and residual water con-
tents (g g), respectively, a is a scaling factor (cm™), and n
and m are shape parameters.

Pore size distribution functions can be characterised and
compared using ‘location’ parameters, where the location
parameters include the mode, median and mean equivalent
pore diameter (Reynolds ef al., 2009). The soil pore size
distribution was obtained indirectly from water retention
measurements. Location parameters, including d,,.iian> @node
and d,..,, were calculated using Egs (8) to (10) (Reynolds
et al., 2009):

2980«

—
IR
0.5 m -1

where: a, n and m are the parameters of the van Genuchten
(1980) equation and 0.5 is the degree of saturation.

dmedian:

@®)

29800 20800
TE T )

(6;E_1)7L m n

where: 6, is the water content at the inflection point of the
soil water retention curve (Dexter (2004) for more details),
and d,,.,, is the geometric mean diameter of soil pores:

dean = exp(

dmode -

Ind 6 +Indg 5 +1Indj g4 j ’ (10)
3

where: dy 6, dos, and dyg, were obtained from Eq. (8) with

a degree of saturation equal to 0.16, 0.5 and 0.84, respec-

tively. The relative field capacity (RFC) and air capacity

(AC) were calculated as (Reynolds et al., 2009):

Opc(h=100hPa)

0<RFC<1,
Os(h=0hPa)

RFC = (11)

>
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AC = 05 (h = 0 hPa)-Oc (h = 100 hPa), 0<AC<d;, (12)

where: 0 (m® m™) is the water content at field capacity
(100 hPa), fs (m* m™) is the saturated water content, and /
is the matric suction expressed in hPa.

Hydraulic conductivity (K;) was measured using the
constant head method (Klute and Dirksen, 1986) on soil
core samples (4.5 cm in diameter and 5 cm in height) that
were subsampled from the pots (one subsample per pot).
K, was calculated as:

oL

ey ) )

where: Q is the outlet volume of water flux after reaching
steady-state conditions, L is the final height of the soil sam-
ple after running the experiment, 4 is the sample surface
area, ¢ is the time, and (H,— H,) is the difference of the
hydraulic head between the inlet and the outlet.

The data were analysed using a general linear model
(GLM) for a factorial experiment with a completely ran-
domised design, with three replications per each treatment.
Analyses were made with the MINITAB 16 software.

ANOVA were done using the least significant difference
(LSD) test (Bonferroni method) at the significance level
p <0.05. Linear relationships between parameters were
determined using regression analysis.

RESULTS AND DISCUSSION

Values of SDC for the different treatments were in
the range of 0.49 to 1.95% (Table 3). The values for SDC
measured in our study have a similar range to that observed
by Rengasamy and Marchuk (2011), who studied soils in
Australia with textures including sandy loam, loamy sand,
clay loam and clay, and found SDC ranging between 0.4%
and 4.2%. The maximum SDC reported by Rengasamy
and Marchuk (2011) (4.2%) was higher than our maximum
value of 1.95% because of the higher clay content of some
of their soils (clay loam and clay). The sensitivity to clay
dispersion caused by adding monovalent cations is higher
in soils with clay contents >15% than in soils with lower
clay content (Levy and Torrento, 1995), and SDC generally
increases with increasing clay content (Levy and Torrento,
1995; Etana et al., 2009). Similarly, in Part II of our series
of papers (Farahani et al., 2018), we have found that clay
dispersion was higher in a clay soil than in a silty loam soil.

Table 3. Selected properties of the samples after one-month incubation with the treatment solutions

Treatment SDC

No. %) SAR PAR ESP EPP CROSS
Control 0.49F 0.92B 0.09D 291C 3.26E 1.04B
3-t1 0.97E 3.13A 0.08D 2.84C 3.32E 3.38A
3-12 1.22D 2.90A 0.16C 2.03D 4.08D 3.32A
3-t3 1.42C 1.17B 0.26B 3.33ABC 5.04C 1.50B
3-t4 1.46BC 1.05B 0.26AB 391A 5.48AB 1.34B
3-t5 1.54B 1.13B 0.32AB 3.65AB 5.35B 1.41B
3-t6 1.95A 0.85B 0.32A 3.15BC 5.59A 1.19B
Control 0.49E 0.92D 0.09D 291AB 3.26BC 1.04D
6-t1 0.73D 5.96A 0.09D 2.22BC 2.96C 6.52A
6-12 0.81CD 4.46B 0.37C 1.33C 5.23B 4.94B
6-t3 0.81CD 2.83C 0.65B 1.43C 13.63A 3.43C
6-t4 0.97BC 1.19D 0.63B 3.98A 13.45A 1.69D
6-t5 1.13B 0.86D 0.86A 3.70A 12.78A 1.53D
6-t6 1.46A 0.99D 0.73AB 3.72A 14.62A 1.63D

Mean values of three replicates. SDC — spontaneously dispersible clay, S4R — sodium adsorption ratio, PAR — potassium adsorption
ratio, ESP — exchangeable sodium percentage, EPP — exchangeable potassium percentage, CROSS — cation ratio of soil structural sta-
bility. The values followed by different letters in the same column are significantly different (p <0.05).
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As shown in Table 3, SDC was lower at EC=6 dS m™
than at EC = 3 dS m™. This could be because of the
higher electrolyte concentration at the higher EC level,
which reduces deflocculation (dispersion) (Quirk and
Schofield, 1955).

A positive significant relationship (p <0.05) was ob-
tained between SDC and K concentration at both EC levels,
but no trend was observed between SDC and Na concen-
tration (Fig. la). SDC increased significantly (p <0.05)
with increasing K:Na ratio (Fig. 1a). The cationic indica-
tors of the different treatments are summarised in Table 3.

E. FARAHANI et al.

No trend was found between SDC and CROSS or SAR
(Fig. 1b), but there was a positive significant (p <0.05) rela-
tionship between SDC and PAR at both EC levels (Fig. 1b).
EPP and ESP consider the effect of exchangeable K and
Na, respectively (Eqs (4) and (5)). We found positive sig-
nificant (p <0.05) relationships between SDC and EPP at
both EC levels, but no trend for ESP (Fig. 1c).

Our results indicate a strong effect of K (both water
soluble and exchangeable K) on clay dispersion. Our find-
ings are in accordance with Rengasamy and Marchuk
(2011), Marchuk and Rengasamy (2012), Marchuk et al.

a
]
25 23 " =055 p=003
RE=0584 p=0.004 RE=002 p2003 3
2 2 o6
_ t5 t6
s ! 4
é 13 Tj_{- 4 16 15 t6$t4' 15 1_1:3 8-
Q 2 5 ey ) %
HE t3 £ T s HOH t3
035 {ContA 0.3 K Cont. 05 i - -
RE=060 p=0.04 - RE=061 p=003
0 T T T ) 1] T T T !
0 200 400 600 800 0 100 200 300 400 ¢ 0 N ' p
K (mgkg™) Na (mg kg™) K:Na
b
27 Ri=005 px005
135 4
1
t
051 & Cont. 051 A Cont
0 : , , - 0 : : . 0 : - -
1] 025 (] 0.75 1 ] ] 3 7.5 ] 25 5 75
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0.0 : : : , Ri=029 p»0.03
0 5 10 15 20 0.0 . . .
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Fig. 1. Percentage of spontaneous dispersible clay (SDC) as a function of: a — K concentration, Na concentration and K:Na ratio; b —

PAR, SAR, and CROSS; and ¢ — EPP and ESP. Grey symbols: EC =

3 dS m™; black symbols: EC = 6 dS m™'; triangle symbol: control.

Labels next to the data points indicate treatments (Tables 2 and 3), cont. indicates control. Error bars indicate + 1 standard error.
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(2013) and Emami et al. (2014). In contrast, we found no
significant effect of Na on SDC. The role of the amounts
of exchangeable K (EPP) and Na (ESP) and their disper-
sive charge/effect in soil are discussed by Rengasamy et al.
(2016). EPP and ESP values of the treated samples from our
study are presented in Table 3. EPP was higher than ESP
in all treated samples, indicating that the higher amounts of
exchangeable K on exchange sites of clay particles led to
a stronger dispersive power/charge of K than of Na, which
is consistent with the larger effect of K on clay dispersion
that was observed in the studied soil. Of note, Mancinelli
et al. (2007) revealed that water molecules in the hydration
shell of K were more disordered than those hydrating Na.
This effect might increase repulsion forces and, hence, ge-
nerate a K-induced dispersion of clay particles.

The dominant role of K on clay dispersion implies that
PAR and EPP are useful cationic indicators for the soils
and treatments used in our study. Because the impact of Na
was small in relation to the impact of K, S4R and ESP were
not useful indicators. CROSS, which takes into account the
dispersive power of both Na and K, did not properly reflect
the dispersive power of the treatment solutions in our soil,
i.e. the relative dispersive power of Na and K, respectively,
was different or had different effects on our soil. The pre-
dominant clay mineral in our soil was mica (muscovite)
(Table 1), which has a low charge density and usually can-
not fix K cations (Arifin ez al., 1973), and therefore, K could
show its negative effect on soil structure. Moreover, K ions
within the diffuse double layer (DDL) probably increase
DDL thickness, facilitating clay dispersion. In contrast, we
found a smaller impact of K, compared to Na, on clay dis-
persion in Swiss soils in Part II of our study (Farahani et
al., 2018). The dominant clay type in these soils was illite.
Illite has an interlayer K deficiency and, therefore, some of
the added K ions can be adsorbed between the clay layers
of illite, i.e. illite can fix K. The role of clay mineralogy
on K effects on soil structure will be discussed in detail in
Part II of this series of papers (Farahani ef al., 2018).

The relationship between dispersible clay and water-sta-
ble aggregates (WSA) is shown in Fig. 2. As can be seen in
the figure, the percentage of WSA decreases with increasing
clay dispersion. Moreover, negative relationships between
WSA and SDC were observed at both EC levels, but the
relationship was significant (p <0.05) only at the lower EC.
Molina et al. (2001) also reported significant negative cor-
relations between aggregate stability and dispersible clay.
In addition, Amezketa et al. (1996) and Dexter and Czyz
(2000) showed that the amount of readily dispersible clay
was highly correlated with the aggregate mean weight
diameter, which is often used to predict soil erosion. In
our soil, the negative relationship between SDC and the
percentage of WSA suggests that both macro- and micro-
aggregate stability were negatively affected by potassium.
Barzegar et al. (1994) found a strong relationship between
aggregate stability and the amount of spontaneously dis-

90 A

307 Cont.

60 -

WSA (%)

50 4

30 T T T
] 05 1 15 2 23

SDC (%)

Fig. 2. Aggregate stability (/WSA) as a function of the percentage
of spontaneous dispersible clay (SDC). Grey symbols: EC = 3 dS
m’'; black symbols: EC = 6 dS m™; triangle symbol: control.
Labels next to the data points indicate treatments (Tables 2 and
3), cont. indicates control. Error bars indicate & 1 standard error.

persible clay. Similarly, Levy and Torrento (1995) found
a significant decrease (about 10%) in macro-aggregate sta-
bility with increasing exchangeable K concentration (in
their study, EPP increased from 2 to >16.8 in one soil and
from 1.5 to >13 in another soil).

Calcium carbonate (CaCQO;) is known to increase aggre-
gate stability due to its flocculating effects. Our soil had
a high CaCO; concentration and a high pH (Table 1). We
found no differences in pH between the treated and con-
trol soils after incubation, as the pH after incubation was
>8 in all samples (not shown). If the soil is alkaline with
pH >8, solubility of CaCQO; is insignificant (Chorom and
Rengasamy, 1997). Therefore, we conjecture that CaCO;
did not dissolve in the treated samples, and that CaCO; did
have similar effects in all treatments. That is, differences
between treatments were not caused by CaCOs.

The location parameters of the pore size distribution
(doeans Amedian and d,00.), the relative field capacity (RFC),
and the air capacity (4C) of the treated soils are shown in
Table 4. At EC = 3 dS m’, the treatment containing the
highest K concentration and the highest K:Na ratio (treat-
ment t6; Table 2) had the lowest d,.cun, dedian aNd d,00, the
lowest AC, and the highest RFC. These data support the
results presented in previous sections that show a negative
effect of K on soil structure.

At the lower EC level, soil pores became smaller with
increasing K concentration (especially for treatments t4 to
t6), which increased RFC (significantly) and reduced AC
(non-significant). As shown earlier, increasing K concen-
tration increased clay dispersion (Fig. 1), which probably
engendered the migration of dispersed clay particles into
soil pores, resulting in a reduction of the average pore
size and, consequently, a decrease in d,.cqn @pedion AN dyoges
a decrease in AC and an increase in RFC (Table 4). Clay
particle rearrangement following aggregate destruction and
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Table 4. Soil pore size distribution parameters, relative field capacity (RFC) and air capacity (4C) of the incubated soils

Tresmen et im e . P
Control 31BC 43B 26AB 0.664AB 0.204A
3-tl 43AB 58AB 37A 0.581B 0.281A
3-t2 30C 41B 25AB 0.649AB 0.237A
3-t3 48A 80A 33AB 0.608AB 0.265A
3-t4 39ABC 53AB 30AB 0.618AB 0.249A
3-t5 36ABC 52AB 30AB 0.647AB 0.215A
3-t6 17D 36B 17B 0.701A 0.197A
Control 31A 43 A 26 B 0.664A 0.204A
6-t1 39A 52A 34 AB 0.616A 0.257A
6-t2 35A 52A 29 AB 0.619A 0.231A
6-t3 35A 43 A 36 A 0.632A 0.225A
6-t4 35A 50A 30 AB 0.648A 0.211A
6-t5 38 A 55A 33 AB 0.611A 0.279A
6-t6 32A 44 A 28 B 0.651A 0.222A

Mean values of three replicates. The values followed by different letters in the same column are significantly different (p <0.05).

the resulting pore size reduction is referred to as ‘short-
range migration’ (Chen and Banin, 1975). Marchuk et al.
(2012) applied X-ray computed tomography to characterise
changes in the pore system of a sandy loam as influenced
by exchangeable cations. They found a well-developed
pore structure in soils with high concentration of divalent
cations (Ca and Mg), while soils dominated by monovalent
cations (Na and K) mostly included non-connected pores
and pores filled with dispersed clay particles. At EC=6 dS
m’', differences between treatments were not significant
(Table 4). The reason for the non-significant differences
between treatments might be related to the lower SDC at
EC=6 dS m™ (Table 3), as discussed above.

The parameters of the van Genuchten (1980) equation
(6,, 6,,a, and n; Eq. (7)), together with the water contents at
field capacity (i.e. at matric suction of 100 hPa; 6,.) and at
the inflection point of the water retention curve (6;) at both
EC levels are shown in Table 5. Although the differences
were not statistically significant, incubation with treatment
solutions increased water retention compared with the con-
trol, and the highest water contents were measured for the
treatment with the highest K concentration and the largest
K:Na ratio (treatment t6, Table 2). These results indicate
that clay dispersion induced the clogging of soil pores,
resulting in a general decrease in pore size and an associ-
ated increase in water retention.

Figure 3 shows the saturated hydraulic conductivity
(K,) as a function of EPP. We observed an increase in K,
with increasing EPP at low EPP at both EC levels, as indi-
cated in Fig. 3. However, at higher EPP, K, decreased with
further increase in EPP (Fig. 3). The decrease in K at high
K concentrations was most likely caused by the pore size
reduction due to pore clogging by dispersed clay particles,
as discussed above. Of note, Ben-Hur ef al. (2009) found
that the plugging of soil pores with dispersed clay particles
reduced K| in a clay soil. Furthermore, a network of dis-
persed clay particles filling the pore spaces between larger
particles was observed by Chen et al. (1983) using scanning
electron micrographs, which showed that enrichment with
K resulted in the plugging of pores, causing a reduction
in water infiltration and soil hydraulic conductivity. There
was no correlation between K, and ESP at either EC level.

Similarly to our results, Chen ef al. (1983) found for
two soils (a loamy sand and a heavy clay soil) that K
increased up to a certain value of EPP and then sharply
decreased with further increase in EPP. According to them,
underlying this was the interlayer adsorption of K on clay
surfaces at low EPP resulting in the stabilisation of micro
aggregates (Auerswald ef al., 1996), and clay dispersion
resulting in structure destabilisation at large £PP (Chen
et al., 1983). The latter is consistent with the findings of
several researchers who have reported that clay dispersion
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Table 5. Parameters of the van Genuchten (1980) function (6,, 8, a, and n; Eq. (7)) that was fitted to the water retention data, and
water contents at field capacity (i.e. at a matric suction of 100 hPa; 6.) and at the inflection point of the water retention curve (8,). 6, —
saturated water content; ¢, — residual water content; « and n are fitting parameters

Treatment 0, o Orc o, a n
No. cm’ em” hPa’! )
Control 0.606A 0.445A 0.402A 0.203A 0.0235A 1.733A
3-tl 0.671A 0.483A 0.390A 0.206A 0.0313A 1.768A
3-t2 0.676A 0.486A 0.439A 0.201A 0.0226A 1.745A
3-3 0.673A 0.494A 0.408A 0.206A 0.0436A 1.614A
3-t4 0.655A 0.474A 0.406A 0.190A 0.0317A 1.640A
3-t5 0.607A 0.451A 0.392A 0.183A 0.0304A 1.725A
3-t6 0.657A 0.480A 0.461A 0.215A 0.0247A 1.547A
6-t1 0.667A 0.445A 0.402A 0.224A 0.0281A 1.791A
6-t2 0.606A 0.487A 0.410A 0.201A 0.0283A 1.762A
6-t3 0.611A 0.443A 0.374A 0.190A 0.0345A 1.673A
6-t4 0.599A 0.448A 0.386A 0.211A 0.0284A 1.702A
6-t5 0.709A 0.445A 0.388A 0.214A 0.0323A 1.661A
6-t6 0.634A 0.515A 0.431A 0.211A 0.0243A 1.765A

Mean values of three replicates. The values followed by different letters in the same column are significantly different (p <0.05).
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Fig. 3. Saturated hydraulic conductivity (K) as a function of exchangeable potassium percentage (EPP). Grey symbols: a — EC =
3 dS m; black symbols: b — EC = 6 dS m™; triangle symbol: control. Labels next to the data points indicate treatments (Tables 2

and 3), cont. indicates control. Error bars indicate + 1 standard error.

results in a reduction in K, (Levy et al., 1998; Keren and
Ben-Hur, 2003). However, we found increasing SDC with-
in increasing EEP at all EPP levels (Fig. 1b), and, hence,
the explanation by Chen et al. (1983) is not supported by
our data. We suggest that further studies are required to
clarify the effect of K on K at different EPP levels. In addi-
tion to K concentration, the effect of K on soil structure is
also affected by clay mineralogy, and this will be discussed
in Part II of this series of papers (Farahani et al., 2018).

CONCLUSIONS

1. Clay dispersion, measured in the form of spon-
taneously dispersible clay, increased with increasing K
concentration and increasing K:Na ratio, and, therefore,
with increasing potassium adsorption ratio, and with
increasing exchangeable potassium percentage. This result
reveals that potassium adsorption ratio and exchangeable
potassium percentage are good indicators for evaluating
the adverse effect of K on the structure of the studied soil.



66 E. FARAHANI et al.

In contrast, no relation between spontaneously disper-
sible clay and Na was found for our soil and experimental
conditions.

2. The percentage of water stable aggregates decreased
with increasing spontaneously dispersible clay, and this
negative relationship shows that aggregate stability was
negatively affected by K.

3. Mean soil pore size decreased and water retention
increased with increasing spontancously dispersible clay,
which probably can be attributed to the short-range migra-
tion of clay, i.e. the clogging of soil pores by dispersed clay.

4. Saturated hydraulic conductivity increased with
increasing exchangeable potassium percentage at low
exchangeable potassium percentage levels but decreased
with increasing exchangeable potassium percentage at high
exchangeable potassium percentage levels. Further studies
are needed to understand the mechanisms resulting in this
behaviour.

The results obtained demonstrate that potassium can
have negative impacts on soil structure. Further studies are
needed to improve our understanding of K impacts on soil
structure as affected by K concentration, clay content and
clay mineralogy.
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